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Abstract:
Advances in  m il i ta ry  and c i v i l  a v ia tio n  have given r i s e  
to  the  need fo r  a d d it io n a l  in fo rm ation  on the  human responses 
to  low frequency s t r u c tu re  borne v ib ra t io n . The occupants of 
c e r ta in  a i r c r a f t  may be exposed to  whole-body v ib r a t io n  a t  
freq u en c ies  of le s s  than  10 Hs and th is  i s  of i n t e r e s t  in  a v ia tio n  
m edicine s in c e  v ib ra tio n s  of th is  type may e x c ite  human body 
resonances in to  la rg e  am plitude o s c i l l a t io n s .  The presence of 
v ib ra t io n  becomes of concern when i t  reaches such in te n s i ty  as to 
d is tu rb  the  a i r c r a f t  i t s e l f  and in  p a r t ic u la r  where i t  re p re se n ts  
a th r e a t  to  com fort, h e a lth  and e f f ic ie n c y  of a irc re w .
The work which i s  rep o rte d  in  th is  th e s is  concerns the 
r e s p ir a to ry  e f f e c ts  of whole body s tru c tu re  borne v ib ra t io n  in  
man. In  p a r t i c u la r ,  major a reas  have been s tu d ie d  -  one 
concerning the  e f f e c ts  o f v ib ra t io n  on pulmonary v e n t i la t io n  and 
gaseous exchange, and the  o th e r , more s p e c i f ic a l ly ,  on the  e f f e c t  
of whole body v ib ra t io n  on m etabo lic  oxygen consumption in  man.
The investigatiox iB  were c a rr ie d  ou t a t  the  Royal A ir Force,
I n s t i t u t e  o f A v ia tio n  M edicine, using  a m echanical v ib r a to r  which 
ap p lied  s in u s o id a l v ib r a t io n ,  a t  freq u en cies  o f 2 10 Hx and
a c c e le ra tio n  am plitudes o f up to  1 .4  to  the b u tto ck s  of a 
se a ted  s u b je c t .
The r e s u l t s  o f th is  study  have shown th a t  whole body v ib ra t io n  
a t  c e r ta in  freq u en c ies  and am plitudes can induce a marked in c re a se  
in  pulmonary v e n t i la t io n ,  which i s  a tru e  h y p e rv e n ti la t io n  w ith  
hypocapnia. With e^^posure to  v ib ra t io n  a t  h igh  i n t e n s i t i e s ,  
the magnitude of the hypocapnia was s u f f i c ie n t  to  produce symptoms 
in  some of the e^^perimental su b jec ts*  When the  am plitude of 
d isp lacem ent of the v ib r a t io n  was held  co n s ta n t the  g r e a te s t
l i i
r e s p ir a to ry  changea were found a t  the  h ig h e s t f req u en c ies  used 
in  th is  study  (6 , 8 and iO E g). With th i s  type o f v ib ra t io n , 
the freq u en c ie s  and in t e n s i t i e s  which gave r i s e  to  the  g r e a te s t  
degree o f h y p e rv e n ti la t io n  and hypocapnia were a ls o  those which 
caused the  g r e a te s t  degree o f  d iscom fort and p a in  in  th e  tho rax  
and abdomen of the  v ib ra te d  sub ject*  The o n se t o f th is  pain  
and d iscom fort during  exposure to  co n s tan t am plitude v ib ra t io n  
was advanced as a p o s s ib le  e2q>lanation fo r  the  observed r e s p ir a to ry  
changes* )3y c o n t ra s t ,  exposure of the  su b je c t to  v ib ra t io n  a t  
a co n s tan t a c c e le ra tio n  induced the g r e a te s t  r e s p ir a to ry  changes 
a t  the  lower freq u en c ies  s tu d ie d  (2 and 4 llz) and s in c e  th ese  
were n o t accompanied by p a in  o r  d iscom fort in  the  s u b je c t ,  
la b y r in th in e  s tim u la tio n  was te n ta t iv e ly  suggested  as the 
cau sa tiv e  mechanism#
The in f lu en c e  of a number of fa c to rs  in  m odifying the  
r e s p ir a to ry  changes a s so c ia te d  w ith  whole body v ib r a t io n  have 
been stud ied*  I t  has been shown th a t  f irm  r e s t r a i n t  of the 
su b je c t in  the  v ib ra t in g  s e a t  and the  p o s tu re  adopted by the  
su b je c t during  v ib r a t io n  had no e f f e c t  on th e  h y p e rv e n tila t io n  
and hypocapnia induced by v ib ra t io n  a t  v a rio u s  freq u en c ies  and 
in te n s i t ie s #  Only by th e  a p p lic a tio n  o f f irm  e x te rn a l support 
to  the  tho rax  and abdomen of the  v ib ra te d  s u b je c t  (by means of 
a r e s t r a in e r  s u i t )  were the  r e s p ir a to ry  changes during  v ib ra t io n  
e lim in a ted  o r g r e a t ly  reduced*
The p r a c t i c a l  im portance of the f in d in g  o f h y p e rv e n tila t io n  
and hypocapnia in  the  su b je c t exposed to  whole body v ib ra t io n  
have been d iscu ssed  in  terms o f the i n - f l i g h t  hazard  a s so c ia te d  
w ith  th is  condition*
Tlie in v e s t ig a t io n s  have a lso  shomi th a t  whole body v ib ra t io n  
causes a marked in c re a se  in  07ftygeii consum|3tion a t  c e r ta in  f r e ­
quencies and I n t e n s i t i e s .  The r e s u l t s  showed th a t  th is  was n o t
iv
due to  the m uscular a c t iv i ty  re q u ired  by the  s u b je c t  to  m ain ta in  
p o stu re  in  th e  face  of v ib ra t io n  s in ce  changes of s im ila r  mag- 
n itu d e  were found in  co n d itio n s where the  su b je c t was r e s tr a in e d  
by harness in  th e  v ib ra t in g  s e a t  and where he was u n re s tra in e d  
in  the s e a t .  High speed einephotography rev ea led  th a t  during  
whole body v ib ra t io n  th e re  was altern ate  ten s in g  and re la x a tio n  
of m usculature -  p o ss ib ly  as a p ro te c tiv e  mechanism -  and i t  was 
b e liev ed  th a t  th is  phenomenon could esq)lain the in c rease d  m etabolic 
oxygen consunction  observed during whole body v ib r a t io n .  The 
p r a c t ic a l  im portance of the  in c reased  m etabolic  a c t iv i ty  during 
v ib ra t io n  has been d iscu ssed  in  terms of the  energy req u ired  by 
a irc rew  to  f l y  v a rio u s  types of a i r c r a f t  in  a v a r ie ty  o f con­
d i t io n s .
The f in d in g s  of th i s  in v e s t ig a t io n  have advanced knowledge 
of the  r e s p ir a to ry  and m etabo lic  responses o f man to  xAiole body 
s tr u c tu re  borne v ib r a t io n .  The p r a c t ic a l  im plications of the  
r e s u l t s  o f th is  study  have been d iscussed  in  r e l a t io n  to  the  
p o s s ib le  th r e a t  which they  m ight pose to  the  comfort, s a fe ty  and 
w ellbeing of the p i lo t  required to  o p e ra te  in  co n d itio n s  of in ­
f l i g h t  v ib ra tio n *
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CHAPTER 1 
In tro d u c tio n
1.1 V ib ra tio n  and man
Tiie tw en tie th  cen tu ry  s tan d s o u t as an age of rem arkable 
te ch n o lo g ic a l p ro g re ss , and dominant in  man^s achievem ents i s  
th e  development o f new and advanced forms o f t r a n s p o r ta t io n  system s. 
These systems extend from c r a f t  capable of lu n a r  m issions to  those 
which now take to  th e  depths of th e  oceans. Here on e a r th ,  le s s  
e x o tic  b u t h ig h ly  s o p h is tic a te d  v e h ic le s  t r a n s p o r t  man over the  
ground, on the  w ate r and through the  a i r  and w hether rid d en  by a 
s in g le  man o r by many, th ese  v e h ic le s  pose se r io u s  problems in  
m atching te ch n o lo g ica l p rog ress to  the  human being  which th is  
technology i s  in tended  to  se rv e .
One such problem , which i s  common to  a l l  forms o f tra n s p o r ta tio n , 
concerns the  v ib ra tio n s  which a re  im parted through the  v e h ic le  to  
the  occupan ts , e i th e r  as a fu n c tio n  of the m achinery which powers 
the v e h ic le , o r  the medium through which o r over which i t  t r a v e l s .  
IRienever m echanical work i s  done, some of the energy of the p ro ce ss , 
b e fo re  being  f in a l l y  degraded in to  h e a t ,  may be d is s ip a te d  as wave 
motions s e t  up in  the  system  w herein the  worh i s  done. The presence 
o f m echanical v ib ra t io n  becomes o f concern when i t  reaches such 
in te n s i ty  as to  d is tu rb  the machine i t s e l f ,  a d ja c e n t s t ru c tu re s  or 
human beings o p e ra tin g  or u sing  the  equipm ent. W ithin the  co n tex t
2 .
o f p re v e n ta tiv e  m edicine, v ib ra tio n s  a re  o f i n t e r e s t  in  so f a r  as 
they a re  a th r e a t  to  com fort, h e a lth  o r  e f f ic ie n c y  of man.
V ibrations d is tu rb in g  man a t  work o r in  t r a v e l  have many and v a rie d  
so u rces; they  may be experienced  in  and around p ro p e lle r -d r iv e n  
a i r c r a f t ,  h e l ic o p te r s ,  a ir -c u sh io n  v e h ic le s , r a i l  t r a n s p o r t  and a 
wide v a r ie ty  o f r o ta t in g  and re c ip ro c a tin g  machinery used in  in d u s try .
Of p a r t ic u la r  i n t e r e s t  a re  the co n d itio n s which lead  to  
whole-body v ib r a t io n .  In  th is  case v ib ra tio n s  produced a t  source 
imy be tra n sm itte d  to  a s tan d in g  man through h is  f e e t ,  to  a s i t t i n g  
man through h is  b u tto ck s  o r  to  a r e c l in in g  man through h is  e n t i r e  
p o s te r io r  body s u r fa c e . O ther co n d itio n s in  which v ib ra tio n s  a re  
tra n sm itte d  through s e le c te d  p a r ts  o f the body, occur fo r  exanp le , 
w ith  the  use o f  hand-held  to o ls  o r c e r ta in  types o f v ib ra t in g  
m achinery. Â th i r d  type of exposure where the  whole body o r p a r ts  
o f i t  a re  immersed in  a medium tra n sm ittin g  v ib r a t io n  occurs in  
connection  w ith  high in te n s i ty  sound or b l a s t  exposure , in frasound  
exposure and the  use o f so n ic  c lean in g  d ev ice s .
Before d isc u ss in g  the p h y s io lo g ica l problems which may 
surround the  im p o sitio n  of whole-body v ib ra t io n  on man, i t  i s  
f i r s t  n ecessa ry  to  examine soma of the  sources and the  n a tu re  of 
v ib ra tio n s  which can occur in  tr a n s p o r ta t io n  systems#
1 .2  Sources o f whole-body v ib ra tio n  in  tr a n s p o r ta t io n  systems
In  th e  f i e l d  of t r a n s p o r ta t io n  th e re  a re  many sources o f 
v ib ra t io n  which may be tra n sm itte d  through s tr u c tu re s  to  the
3.
occupant of the v e h ic le . The d is tu rb an ce  which th e se  s t r u c tu r e -  
borne v ib ra tio n s  cause in  man dependson the  frequency , and am plitude 
of the  v ib ra t io n  reach in g  the  body and the len g th  of tim e fo r  which 
i t  i s  s u s ta in e d . In  modern forms o f t r a n s p o r ta t io n ,  v ib ra tio n s  
of w idely  v ary ing  freq u en c ies  may be produced and f o r  the  sake of 
convenience th e se  a re  c l a s s i f i e d  in to  those v ib ra t io n s  which a re  
in f ra s o n ic  and those  which a re  w ith in  the  range o f human hearin g  
(au d ib le  v ib r a t io n s ) .  F igure 1 .1  shows some o f the  sources of 
v ib ra t io n  a r is in g  in  v ario u s forms o f t r a n s p o r ta t io n  system s. 
F o rtu n a te ly , s tru c tu re -b o rn e  v ib ra tio n s  a t  freq u en c ie s  much above 
lOHs a re  po o rly  absorbed and w e ll damped by th e  human body and so 
they  a re  of i n t e r e s t  m ainly to  design  eng ineers r a th e r  than  to  the  
p h y s io lo g is t  concerned w ith  the  com fort and s a fe ty  o f the  occupants 
o f the v e h ic le .
In  the  f i e ld  o f c i v i l  and m il i ta ry  a v ia tio n  the  problem  of 
whole-body s tru c tu re -b o rn e  v ib ra t io n  may a r i s e  from a number o f 
d i f f e r e n t  sources and th e se  w i l l  be d iscussed  b r i e f l y  in  tu rn .
1 .3  Sources o f whole-body v ib ra t io n  in  a v ia tio n
(a) Fixed wing a i r c r a f t
In  conven tiona l a i r c r a f t  u sing  e i th e r  in te r n a l  combustion o r 
j e t  power, the  p resence of m echanical v ib ra t io n  which i s  d is tu rb in g
to  th e  crew and passengers i s  g e n e ra lly  s u b s id ia ry  to  the problem
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of n o ise  in  the  cab in . In  c e r ta in  types of a i r c r a f t ,  however, 
e s p e c ia l ly  those w ith  m u ltip le  p is to n  en g in es , r e l a t i v e l y  low 
frequency components in  the  engine and p ro p e lle r  can g ive r i s e  to  
troublesom e s tru c tu re -b o rn e  v ib ra tio n  a t  v a rio u s  crew s ta t io n s .
The frequency of th i s  type of v ib ra t io n  l i e s  approxim ately  w ith in  
the range 10 to  1000 Hs although  a t  the in t e n s i t i e s  norm ally 
recorded  during  f l i g h t ,  th ese  v ib ra tio n s  a re  n o t n e c e s s a r i ly  
a s so c ia te d  w ith  s p e c if ic  p h y s io lo g ic a l e f f e c t s .  Continuous heavy 
v ib ra t io n  a t  low so n ic  frequency may, however, add to  the fa tig u in g  
e f f e c t  o f the in te rn a l  a c o u s tic  sound f i e ld  and may thus in te r f e r e  
w ith  the  a b i l i t y  o f a irc rew  to  ca rry  out t h e i r  i n - f l i g h t  ta sk s  
e f f i c i e n t ly .  A se rio u s  i n - f l i g h t  hazard  may a lso  a r i s e  from the 
v ib ra t io n  o f instrum ent: pane ls  and tra n sp a re n c ie s . The sources and 
ro u te s  o f tran sm iss io n  to  the crew of a i r c r a f t  v ib ra t io n  a re  many 
and v a r ie d . V ib ra tio n s  genera ted  by the  passage o f the  a i r c r a f t  
through tu rb u le n t a irs p a c e , from the a i r c r a f t  en g in es , from the  j e t  
e f f lu x , o r  during  the  f i r i n g  o f a i r c r a f t  mounted armament, may 
reach the  a irc rew  through a number of ro u te s .  These in c lu d e  
tran sm iss io n  o f th e  v ib ra t io n  through a irfram e s t r u c tu re s  to  the  
a i r c r a f t  s e a t  and subsequen tly  to  the  to r s o , head and neck o f the  
sea te d  occupant. A lte rn a tiv e ly , v ib ra tio n s  may reach  th e  man 
through hand o r  f e e t  op era ted  c o n tro ls ,  o r through r ig id  and semi­
r ig id  components o f h is  p e rso n a l equipment ( e .g .  d e liv e ry  hose and 
o ro n asa l f  acemask o f the oxygen b rea th in g  equipment) « In  a l l  
th ese  circum stances the v ib ra tio n s  tra n sm itte d  from th e  source to
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th e  man may be a tte n u a te d , a l te r e d  or am p lified  depending on the 
s p e c if ic  c h a r a c te r i s t ic s  o f the  a i r c r a f t ,  s e a tin g  p o s i t io n  of the  
occupant, e t c ,
(b) R otary wing a i r c r a f t
H e lico p te rs  v ib r a te  predom inantly  a t  f req u en c ies  r e la te d  to  
the speed of th e  main r o to r  b lades and in  a d d i t io n , h a rsh  v ib ra tio n s  
emanate from the  eng ine, gearbox, tra n s m s a io n  system  and t a i l  
r o to r  b la d e s . As in  conven tional f ix ed  wing a i r c r a f t  th ese  sources 
a re  im portan t in  the  g en e ra tio n  o f both  in te rn a l  and e x te rn a l sound 
f i e ld s ,  b u t in  ro ta ry  wing a i r c r a f t  heavy v ib ra tio n s  in  the  In f r a ­
so n ic  frequency range (below 10 Hz) and o f q u ite  co n s id e rab le  
a c c e le ra tio n  -  am plitudes may be p re se n t as w e l l .  In  some co n d itio n s 
o f f l i g h t ,  v ib ra t io n  in  h e l ic o p te rs  tmay approxim ate f a i r l y  c lo s e ly  
to  sim ple harmonic m otion (s in u so id a l v ib ra t io n s )  w h ile  in  o th e r  
co n d itio n s  o f f l i g h t ,  reco rd in g s in  more than  one geom etrica l p lane 
may re v e a l a com posite motion co n ta in in g  bo th  h o r iz o n ta l  and v e r t i c a l  
components of v ib r a t io n .  In  a i r c r a f t  of th is  ty p e , low frequency 
s tru c tu re -b o rn e  v ib ra t io n  i s  l i a b le  to  occur and i s  o f p a r t ic u la r  
nu isance during  t r a n s i t io n a l  phases o f f l i g h t  ( e .g .  from hovering 
msde to  s t r a i g h t  and le v e l  f l i g h t ) .  Under th e se  c o n d itio n s , 
v ib ra t io n  may se r io u s ly  in te r f e r e  w ith  the ta sk  of the  p i l o t ,  a t  
a tim e when most ex ac tin g  f ly in g  is  demanded of him.
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(c) Supersonic passenger tr a n s p o r t  a i r c r a f t
Recent developments in  th e  f i e ld  o f c i v i l  t r a n s p o r t  a v ia tio n  
have brough t problems o f v ib ra t io n  in  la rg e  passenger ca rry in g  
a i r c r a f t  designed to  o p e ra te  a t  h igh  a l t i t u d e  and a t  speeds g re a te r  
than th a t  o f sound. Because o f th e i r  la rg e  s iz e  and superson ic  
c o n f ig u ra tio n , such a i r c r a f t  may have major modes o f s t r u c tu r a l  
v ib ra t io n  a t  freq u en c ies  below 10 Hz, and the  am plitudes of t r a n s ­
ie n t  v ib ra t io n  may be co n s id e rab le  a t  th e  crew s ta t io n s  and in  
c e r ta in  reg io n s  o f passenger com partm ents. One s p e c ia l  a rea  o f 
concern in  a i r c r a f t  o f th i s  type r e la te s  to  th e  lack  of damping 
of even m oderate v ib ra t io n  d is tu rb an ces  by the  r a r i f l e d  a i r  a t  an 
a l t i t u d e  of 60,000 f e e t .  Supersonic tra n s p o r t  a i r c r a f t  o p e ra tin g  
a t  such a l t i tu d e s  a re  u n lik e ly  to  encounter severe  tu rb u len ce  b u t 
even m ild v ib ra t io n  ex c ite d  by a s in g le  g u s t may take the  form o f 
a p o o rly  damped t r a i n  o f o s c i l l a t io n s ,  a t  a frequency c h a r a c te r i s t ic  
o f the  a i r c r a f t  and tak in g  se v e ra l seconds to  decay to  im p e rc e p tib i l i ty .  
O s c i l la t io n s  o f th i s  type may a t  the  le a s t  be d is tu rb in g  to  p assen g e rs , 
and a t  w orst may induce p h y s io lo g ic a l d is tu rb an ces  which could 
in te r f e r e  w ith  th e  e f f ic ie n c y  of a irc rew  f ly in g  the  a i r c r a f t .
S tru c tu re  borne v ib ra t io n  in  the  low frequency range may a ls o  be 
encountered during  taxy ing  o f a i r c r a f t  o f th is  ty p e .
(d) High speed, low le v e l  f l i g h t
C e rta in  requirem ents in  m il i ta ry  a v ia tio n  have given r i s e  to 
the  problem of low frequency s tru c tu re -b o rn e  v ib r a t io n .  In  o rd er
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to  avoid ra d a r  d e te c t io n , many t a c t i c a l  and s t r a t e g ic  m issions of 
c u rre n t m i l i ta r y  a i r c r a f t  in c lu d e  the requ irem ent fo r  f l i g h t  a t  
a l t i tu d e s  o f  le s s  than 150 f e e t  a t  n ear so n ic  o r  su p e rso n ic  speeds, 
and th i s  b r in g s  w ith  i t  the  p h y s io lo g ic a l s t r e s s e s  o f n o ise , h e a t 
and v ib ra t io n  to  the  occupants o f th e  a i r c r a f t .  S ince a i r  i s  a 
v iscous and r e s i s t i v e  medium i t  o f fe rs  c o n s id e rab le  impedance to  
bodies moving through i t  a t  even moderate v e lo c i t ie s *  Tlie 
r e s i s t i v e  fo rc e  on the moving a i r c r a f t  r i s e s  s te e p ly  w ith  in c re a s in g  
a i r c r a f t  v e lo c i ty  and a t  subsonic speeds i s  r e la te d  to  the  square 
of the  in d ic a te d  a i r  speed* At speeds g re a te r  than 400 m iles per 
hour, p e n e tra tio n  of the  atmosphere by an a i r c r a f t  demands an 
enormous escpenditure o f power and under th e se  co n d itio n s  o f f l i g h t  
th e re  i s  a s tro n g  lik e lih o o d  o f power gen era ted  s tru c tu re -b o rn e  
v ib ra tio n *  In  a d d it io n , a t  low a l t i tu d e s  therm al and ground 
atm ospheric tu rb u len ce  i s  p re se n t more o r le s s  co n tin u o u sly , depend­
ing  fo r  i t s  magnitude upon the  p re s su re , tem peratu re and v e lo c ity  
o f the  a ir*  Passage o f  an a i r c r a f t  through a reas  o f  in te n se  
atraosxdieric tu rb u len ce  may s e r io u s ly  d is tu rb  the  f l i g h t  p a th  due 
to  random bumps o f low frequency , la rg e  am plitude and I r r e g u la r  
wave forai* Tlie v ib ra t io n  d is tu rb an ce  to  th e  occupant o f the  
a i r c r a f t  f ly in g  in  th e se  co n d itio n s  i s  p ro p o rtio n a l to  the in d ic a te d  
a i r  speed , and a t  h igh speed f l i g h t  a t  low le v e l ,  the  bumps a re  
encountered more f re q u e n tly  and more abruptly*  The v e r t i c a l  
components o f the  v ib ra t io n  a re  g e n e ra lly  considered  to  be the
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most, d is tu rb in g , b u t during h igh-speed  f l i g h t  through tu rb u len ce , 
a i r c r a f t  can indu lge  in  u n p leasan t p itc h in g  and yawing movements 
in  a d d itio n  to  p u re ly  v e r t i c a l  o s c i l l a t io n .  Tlie quasi-random  
jo s t l in g  to  which the  crew a re  su b jec ted  may make the  ta sk  o f the  
p i l o t  and n a v ig a to r  extrem ely  d i f f i c u l t  and t i r i n g  under th ese  
circum stances «
(e) F ir in g  of weapons
When pow erful weapons, such as machine guns o r cannon a re  
f i r e d  from fix ed  wing o r ro ta ry  wing a i r c r a f t ,  a p e r io d ic  s e r ie s  
o f im pacts is  tra n sm itte d  to  the a irfram e through th e  gun mountings* 
The q u a l i ty  and in te n s i ty  of th e  v ib ra t io n  inposed by weapon f i r i n g  
depends la rg e ly  upon the  length o f the b u r s t  o f g u n f ire , and the  
r e la t io n s h ip  beW ean the  r a te  o f f i r i n g  and th e  re so n an t freq u en c ies  
of th e  responding s tru c tu re s*  S tru c tu ra l  v ib ra t io n  can a lso  be 
e x c ite d  by the  expanding gases from gun muzzles im pinging upon 
nearby su rfa c e s  of the  a i r c r a f t*
1 .4  C h a ra c te r is t ic s  o f v ib ra t io n  exposure
V ib ra tio n  i s  co n v en ien tly  defined  as the  co n d itio n  in  which a 
body undergoes a s e r ie s  o f re v e r s a ls  o f v e lo c i ty  (C rede, 1957).
This d e f in i t io n ,  a lthough i t  does no t embrace a l l  conceivab le  
co n d itio n s  o f v ib r a t io n ,  se rv es  as a rem inder th a t  se v e ra l f a c to rs  
must be co nsidered  in  any dynamic system* V e lo c ity  im plies d i s ­
placem ent in  f i n i t e  tim e and th e  r e v e rs a l  o r  change of v e lo c ity
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invo lves a c c e le ra tio n  and i t s  derivatives®  The d isp lacem ent and 
i t s  d e r iv a tiv e s  may be t r a n s la t io n a l  o r an g u la r , as in  to r s io n a l  
v ib ra t io n ;  they  may be f re e  as in  a swing pendulum, o r fo rc ed , 
in  which th e  d is tu rb an ce  i s  m aintained by an e x te rn a l f lu c tu a tin g  
fo rc e . In  the  f i e l d  o f a v ia tio n  m edicine, one i s  norm ally 
concerned w ith  su s ta in e d  fo rc in g  v ib ra tio n s  and Guignard (I960) 
suggested  a more r e s t r i c t e d  d e f in i t io n  of v ib r a t io n  r e la t in g  to  
human physio logy , to  the  e f f e c t  th a t  v ib ra t io n  i s  a su s ta in e d , 
s tru c tu re -b o rn e  d is tu rb an ce  apply ing  a t r a n s la to r y  movement to  the  
body and p erce iv ed  by th e  senses o th e r than h e a rin g .
(a) R egular o r p e r io d ic  v ib ra t io n
The v ib r a t io n  from any p a r t ic u la r  source has a  c h a r a c te r i s t ic  
q u a l i ty  which depends upon th e  frequency com position of th e  wave­
form. The s im p le s t p o s s ib le  v ib ra t io n  i s  a  s tead y  to  and fro  
movement, l ik e  a pendulum o r a tun ing  fo rk  em ittin g  a pure tone .
In  sim ple harmonic m otion (SHM) o f th is  ty p e , th e  shape of the 
d isp lacem en t/tim e graph i s  termed s in u s o id a l,  s in c e  the  motion can 
be t r e a te d  as th e  p ro je c tio n  on the  d iam eter o f th e  locus o f a 
p o in t moving round a c i r c le  w ith  co n s tan t angu lar v e lo c i ty .  An 
example o f s in u s o id a l v ib ra t io n  of th is  type i s  shown in  f ig u re  1.2 
Tlie n a tu re  of th e  v ib r a t io n  i s  defined  by i t s  frequency and i t s  
am plitude . The frequency i s  the number o f com plete cyc les of 
motion p e r  second (Hz) and th e  am plitude i s  th e  e x te n t o f the  
motion from th e  mid o r eq u ilib riu m  p o s it io n  ( th e  la rg e r  the
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am plitude the  more in te n se  i s  the v ib r a t io n ) • In  p h y s io lo g ic a l 
s tu d ie s  o f  the  e f f e c ts  o f v ib ra t io n  on nan, s in u s o id a l v ib ra tio n  
i s  u su a lly  a p p lied  to  the  su b je c t and i t  i s  custom ary to  use 
a c c ô le ra tio n -a ïï^ li tu d e  as a measure of the  in te n s i ty  o f the 
v ib ra t io n  r a th e r  than d isp lacem ent am plitude , Tlie acceleration™  
am plitude of a s in u s o id a l v ib ra t io n  ( in  G) i s  o b ta in ed  from the 
d isp lacem ent ( in  inches) by the  form ula;
.. . , 4a c c e le ra tio n  « — ggg----
where : G -  fo rc e  e x e rted  by g ra v ity
A ^ d isp lacem ent (inch) 
f  ^ frequency (Hz) 
and 386 is  the  In te rn a tio n a l  S tandard A cce le ra tio n  (inch-pound- 
second sc a le )
Xa a v ia t io n , pure s in u so id a l v ib ra tio n  i s  r a r e ly  encountered , 
a lthough something approaching i t  may occur a t  v ery  low freq u en c ies  
in  a i r c r a f t ,  under the in flu en c e  o f hun ting  in  au tom atic  f l i g h t  
c o n tro l system s. ^îore fre q u en tly  occu rrin g  in  a i r c r a f t  i s  a 
s teady  s t a t e  p e r io d ic  v ib ra t io n  approxliiiating to  sim ple harmonic 
motion b u t o f te n  co n ta in in g  se v e ra l harm onics, V ib ra tio n  of 
th is  ty p e , known as complex harmonic m otion, cannot be defin ed  
in  such sim ple terms as the  s in u so id a l wave and in  determ ining  
i t s  source and a s se ss in g  i t s  iït^o rtance  i t  i s  n ecessary  to  
ana ly se  i t  in to  s ii j^ le  components, ‘0 iis  type o f  v ib ra t io n  may 
be regarded  as the  sum o f a number of sine^^fave v ib ra tio n s  going
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on sim u ltaneously  each having i t s  own am plitude , frequency and 
phase an g le . I f  the v ib ra t io n  i s  f a i r l y  complex, i t  i s  h e lp fu l 
in  v is u a l is in g  the  r e s u l t s  o f analyses to  p lo t  the  am plitude of 
each F o u rie r  component a g a in s t a sc a le  o f frequency -  the  so c a lle d  
frequency * spectrum *. F igure  1.2 shows examples o f sim ple
harmiQiiic (s in u so id a l v ib ra tio n )  and complex harmonic v ib ra t io n  
w ith  t h e i r  a p p ro p ria te  * sp ec tra* . I t  may be seen th a t  the spectrum  
fo r  a pure aine-tfave c o n s is ts  o f a  s in g le  l in e  whose p o s it io n  
marks the frequency and whose h e ig h t in d ic a te s  th e  d isp lacem ent 
a i% litu d e . The complex harmonic v ib ra t io n  shown in  the  i l l u s t r a t i o n  
has tt^ ro spectrum  l in e s  b u t in  more con%)lex examples may have 
m u ltip le  spectrum  l in e s .
(b) I r r e g u la r  o r ap e rio d ic  v ib ra t io n
Q uite commonly, a v ib ra t io n  wava-form recorded  in  f l i g h t  w i l l  
appear to  be com pletely  i r r e g u la r  and w i l l  c o n ta in  no reco g n isab le
p e r io d ic i ty .  I t  i s  then sa id  to  be a p e r io d ic . This type of 
v ib ra t io n  i s  encountered in  a i r c r a f t  f ly in g  through m eteo ro lo g ica l 
tu rb u len ce  in  which the  a irfram e i s  c o n tin u a lly  shaken by masses 
of moving a i r ,  o r g u sts  whose lo c a l  v e lo c i ty ,  momentum and time 
o f inc idence  have a random d is t r ib u t io n .  The harmonic co n ten t 
of v ib ra tio n s  o f th is  type i s  g re a t  and in c o n s ta n t and u n lik e  a 
s in u s o id a l wave cannot be d escribed  by a sim ple eq u a tio n  o f m otion.
In  p r a c t ic e ,  the  n a tu re  o f such v ib ra tio n s  b e s t  assessed  
using  methods o f spectrum  a n a ly s is .  In  f ig u re  1 .2  an example o f
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ap e rio d ic  v ib ra t io n  i s  shown to g e th e r  w ith  the ap p ro p ria te  spectrum . 
In  a t r u ly  random v ib ra t io n  the  re p re s e n ta tio n  of a l l  freq u en cies  
would be equal over a f i n i t e  time b u t in  many r e a l  cases (as in  the 
exan^le shown in  f ig u re  1#2) re p re s e n ta tio n  i s  maxiBial in  the  
reg io n  o f one s p e c if ic  frequency . The main I n t e r e s t  in  random* 
a p e rio d ic  v ib ra t io n  of th i s  type l i e s  l a  the  a b i l i t y  of the 
fundam ental and harmonic wave motions to  e x c ite  p a r ts  o f the  body 
to  re so n a te  a t  t h e i r  in h e re n t n a tu ra l  fre q u e n c ie s . A more d e ta i le d  
d isc u ss io n  on body resonance, phenomena in  r e la t io n  to  the  e f f e c ts  
o f whole-body v ib ra t io n  in  man w i l l  be g iven in  a l a t e r  ch ap ter o f 
th is  th e s i s .
(c) D ire c tio n a l modes o f whole-body v ib ra t io n
Whole body v ib ra t io n  can have th ree  l in e a r  and th ree  r o ta t io n a l
degrees of freedom. L inear v ib ra tio n s  a re  c h a ra c te r is e d  by the
th re e  axes o f a  re c ta n g u la r  co o rd in a te  system  and the  term inology
commonly used in  physio logy r e la te s  the  co o rd in a te  system  to  th e
human sk e le to n . Thus * a c c e le ra tio n  v ib ra t io n  in  the  lo n g itu d in a l
(head to  fo o t)  ax is  is  designated  by * a c c e le ra t io n  in  the  fo re
and a f t  (c h e s t to  back) ax is  by and a c c e le ra tio n  in  the l a t e r a l
ax is  by G . R o ta tio n a l a c c e le ra tio n s  around a c e n tre  o f r o ta t io n  y
are  se p a ra ted  in to  p i tc h  ( ro ta t io n  about the  y ax is)*  r o l l  
( ro ta t io n  about the x ax is )  and yaw ( ro ta t io n  about the  z a x i s ) . 
These modes of v ib ra t io n  a re  i l l u s t r a t e d  in  f ig u re  1 .3 .
15.
VERTICAL
YAW
R O L L
FORWARD
P IT CH
LATERAL
Figure 1 .3  The lin ea r  and ro ta tio n a l modes o f whole body 
v ib ra tio n . v
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(d) N ature o f v ib ra t io n  used in  experim ental s tu d ie s
I t  has been s Iio t o  in  p rev ious paragraphs th a t  s t ru c tu re  
borne v ib r a t io n  i s  a problem  a sso c ia te d  w ith  many d i f f e r e n t  forms 
of tr a n s p o r t  system s and in  the  p re se n t co n tex t i s  f re q u e n tly  
encountered  in  both  c i v i l  and m il i ta ry  a v ia t io n . I t  has a lso  been 
noted  th a t  the  c h a r a c te r i s t ic  o f v ib ra tio n s  which occur in  a v ia tio n  
may be o f extrem ely  complex wave form and may reach  the  occupant 
of the  a i r c r a f t  from a number o f d ire c tio n s  and by v ario u s  ro u te s . 
In  s tudy ing  the  response of the  human su b je c t to  v ib ra t io n  of th e  
type encountered  in  a i r c r a f t j  two compleimntary approaches are  
g e n e ra lly  adopted. The f i r s t  i s  by o b se rv a tio n  o f su b je c tiv e  
r e a c tio n  o r a l t e r a t i o n  o f a ta sk  perform ance under co n d itio n s  of 
v ib ra t io n  as they a c tu a l ly  occur in  f l i g h t .  Such in r f l i g h t  
s tu d ie s  a re  expensive^ o cc a s io n a lly  hazardous? and may p lace  
r e s t r i c t io n s  on the  design  o f experiments and reco rd in g  of 
p h y s io lo g ic a l d a ta  and are  in  add ition?  very  d i f f i c u l t  to  re p e a t .  
This approach i s  th e re fo re  o f te n  supplemented by the  use of la rg e  
v ib ra t in g  machines (g u e t^ sim u la to rs) which reproduce in  the  
la b o ra to ry  some components o f the r e a l  v ib ra to ry  m otion. The 
second approach i s  to  exasaine human response to  experim ental 
s te a d y ^ s ta te  s in u s o id a l v ib ra tio n ?  ap p lied  in  one a x is  o f the body 
using  a v a r ie ty  of sine-wave g en e ra to rs  fo r  the  purpose. This 
l a t t e r  approach i s  the  one o fte n  used by a v ia tio n  p h y s io lo g is ts  
as a f i r s t  s te p  in  v ib ra t io n  s tu d ie s  s in c e  i t  has th e  advantage
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th a t  the s tim u lu s can be conven ien tly  produced? measured? rep ea ted  
and d efin ed  in  sim ple num erical tenias o f frequency and am plitude .
In  the  experim ents on whole body v ib ra t io n  which have been c a rr ie d  
o u t in  th is  in v e s tig a tio n ?  and which form the b a s is  of th is  th e s is?  
th e  e^qperimental v ib r a t io n  has been ap p lied  to th e  b u ttocks of the  
se a ted  s u b je c t  by means of a hard  p la tfo rm  o s c i l la te d  in  the 
v e r t i c a l  p lane  by an e l e c t r i c  motor* The p h y s io lo g ic a l responses 
of th e  s u b je c t to  who1e-body v ib ra tio n  which a re  rep o rted  in  th is  
th e s is  re fe r?  th e re fo re?  on ly  to  pure s in u s o id a l v ib ra t io n s  of 
vary ing  frequencies and am plitudes which have been ap p lied  to  the 
body in  one d irec tio n  only ( v e r t ic a l?  Gz) *
1*5 Human response to  whole body v ib ra tio n
Previous s tu d ie s  r e la t in g  to  the human responses to  vib ration  
cover the  p h y s io lo g ic a l and p a th o lo g ic a l e f f e c t s  o f s t r u c tu r e -  
borne v ib ra t io n  as w e ll as su b je c tiv e  reac tio n s?  com fort and 
perform ance and the  r é s u l té  of many of th ese  in v e s tig a tio n s  have 
been reviewed in  d e t a i l  by Guignard (1965), The p h y s io lo g ic a l 
mechanisms underly ing  many of the e f f e c ts  o f whole-body v ib ra tio n  
have n o t y e t been e s ta b lis h e d  w ith  any c e r ta in ty  and a re  at p re se n t 
th e  s u b je c t  o f a c tiv e  study*
In  the  f i e l d  o f a v ia tio n  medicine? th e re  i s  co n s id e rab le  
i n t e r e s t  in  th e  p h y s io lo g ic a l e f f e c ts  of low frequency s t r u c tu r e -  
hom e wliole-body v ib ra t io n  due to  the emphasis on h igh  spaed
18.
lo w -lev e l f l i g h t  as a t a c t i c a l  requirem ent in  m il i ta ry  a v ia t io n .
In  p rev ious paragraphs i t  has been s ta te d  th a t  f l i g h t  a t  h igh  speed 
and low lev e l?  p a r t ic u la r ly  in  co n d itio n s o f m e teo ro lo g ica l 
tu rbulence? may induce a c c e le ra tio n s  in  the a i r c r a f t  which resem ble 
m echanical n o ise  w ith  superimposed q u as i-s tea d y  s t a t e  v ib ra tio n  
due to  a irfram e s t r u c tu r a l  resp o n se . To the  p h y s io lo g is t?  v ib ra tio n s  
produced in  a i r c r a f t  f ly in g  in  these  co n d itio n s  a re  of p a r t ic u la r  
i n t e r e s t  s in c e  they p re se n t w ith  freq u en cies  below about 15 B.z 
a t  which both  human body resonances and m ajor a i r c r a f t  modes are  
e x c ite d  in to  la rg e  am plitude o s c i l l a t io n s .  M echanical v ib ra t io n  
a t h ig h e r freq u en c ies  can occur in  these  c ircum stances and may 
produce p h y s io lo g ic a l d is tu rb an ce  to  the  occupant o f the  a i r c r a f t  
b u t in  the  main they a re  w ell a tte n u a te d  by the  body i t s e l f  and by 
the adop tion  o f sim ple p ro te c t iv e  measures by a irc re w . V ib ra tio n s  
a t  th e se  h ig h e r freq u en c ies  o ccu rring  in  f lig h t: a re  of le s s  concern, 
th e re fo re , than  th e  more commonly produced low frequency s t r u c tu re -  
borne v a r ie ty .
There have been com paratively  few s tu d ie s  on the  p h y s io lo g ic a l 
d is tu rb an ces  b rought about by s tru c tu re -b o rn e  v ib ra t io n  in  the low 
o r 3,nfrasonie frequency ran g e , a lthough i t  i s  knomi th a t  they may 
a f f e c t  man in  a v a r ie ty  of d i f f e r e n t  ways. Tliese d is tu rb an ces  
in c lu d e  e f f e c t s  on the  r e s p ira to ry  system, in te r fe re n c e  w ith  speech, 
e f f e c ts  on the  c o n tro l of p o s tu re , b lu r r in g  o f v is io n , in te r fe re n c e  
w ith  perform ance o f a psychomotor ta sk  and body in ju ry  due to
19.
jo l t i n g .  A number o f th e se  p h y s io lo g ica l d is tu rb a n ces  due to  
whole-’body v ib ra t io n  and the  range o f freq u en c ies  a t  which the 
d i s tu rbances a re  produced i s  g iven d iagram m atlea lly  in  f ig u re  1 .4 .
In  th e  f i e ld  of a v ia tio n  m edicine? i n t e r e s t  i s  d ir e c te d  p r im a r ily  
towards th ese  d is tu rb a n ces  due to  whole body v ib ra t io n  which may 
im pair the  a b i l i t y  of a irc rew  to ca rry  o u t t h e i r  i n - f l i g h t  ta sk s  
w ith  e f f ic ie n c y .  Tlie diagram  shown in  f ig u re  1 .5  summarises some 
o f th e  ways in  which d is tu rb a n ce  due to  whole-body v ib ra t io n  may 
ad v erse ly  a f f e c t  the perform ance of a irc rew . I t  should  be noted 
th a t  the  e f f e c t s  o f  v ib ra t io n  on the occupant of the  a i r c r a f t  may 
be compounded w ith  o th e r  s t r e s s e s  which a re  l i a b le  to  be encountered 
during  h igh  speed lo w -lev e l f l ig h t?  fo r  example? a c c e le ra t io n , 
noise? h e a t and ex cess iv e  work lo a d .
A d e ta i le d  study of th e  l i t e r a tu r e ?  has rev ea led  th a t  th e re  i s  
a p a r t ic u la r  la ck  o f in fo rm ation  concerning the e f f e c ts  o f w hole- 
body v ib ration  on the human r e s p ir a to ry  system . E arly  German 
re se a rch  b e fo re  and during  the Second World War suggested  th a t  
whole-body v ib ra t io n  could induce m a n ife s ta tio n s  o f  alarm  w ith  
increases in  r e s p ir a to ry  r a te , pulmonary v e n t i la t io n  and m etabolic 
oxygen consumption (M üller, 1939; Cbrmann? 1940; Loeckle, 1940).
The in c re a se s  in  m etabo lic  oxygen uptake during  whole-body v ib ra t io n  
a t  in f ra s o n ic  freq u en c ies  have been s tu d ied  both  in  man (Duffiaer, 
Hamilton & Schm ita, 1962; Dixon, S tew art, M ills , V arvis & B ates ,
1961; E rn s tin g , 1961), and in  anim als (C arter?  h a rg en t & Ashe? 1961),
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Figure 1 .5  Diagram of some of. the ways in  which whole 
body v ib ra tion  may a f fe c t  the performance 
o f aircrew .
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and in  most cases th e se  have been r e la te d  to  th e  in te n s i ty  of th e  
ap p lied  v ib r a t io n .  The same groups of workers have a lso  measured 
pulmonary v e n t i la t io n  in. Üie human su b je c t exposed to  whole-body 
v ib ra t io n  and have observed a  marked in c re a se  in  v e n t i la t io n  volume, 
during th e  ap p lied  v ib ra to ry  s tim u lu s , One of th e  most im portan t 
r e s p ir a to ry  e f f e c ts  noted  by se v e ra l in v e s t ig a to r s  i s  th a t  of 
h y p e rv e n tila t io n  induced by whole-body v ib r a t io n  a t  low freq u en c ies  
w ith , in  some ca ses , marked s y up toms of hypocapnia (E rn s tin g , 1961; 
H om ick, 1961; Dixon e t  a l ,  1961 and D uffner e t  a l ,  1962)*
C e rta in  o th e r  r e s p ir a to ry  v a r ia b le s ,  in c lu d in g  v i t a l  c a p ac ity  
(D uffner e t  a l ,  1962) and pulmonary com pliance (E rn s tin g , 1961) 
have been measured during  and fo llow ing  low frequency v ib ra t io n  
ap p lied  to  the whole body*
In  a v ia t io n  m edicine, the  r e s p ir a to ry  e f f e c t s  o f whole-body, 
low frequency v ib ra t io n  a re  n o t on ly  of academic i n t e r e s t  b u t are 
o f extreme p r a c t ic a l  im portance in  the  com fort, w e ll-b e in g  and 
s a fe ty  o f a irc rew  o p era tin g  in  s t r e s s f u l  co n d itio n s  o f high speed, 
lo w -lev e l f l i g h t .  Tlius, a knowledge of m etabo lic  oxygen con­
sumption and th e  r e la te d  m etabo lic  h e a t o u tp u t o f  the su b je c t 
during  a l l  co n d itio n s  of f l i g h t  i s  e s s e n t ia l  to  the design  and 
development o f a i r c r a f t  and p erso n a l therm al co n d itio n in g  system s, 
which a re  req u ired  to  m ain ta in  aircrew  iu  therm al cowifort 
p a r t ic u la r ly  in  co n d itio n s  of h igh speed f l ig h t*  S im ila r ly , i t  
i s  d e s ira b le  to  have a knowledge o f the  le v e l  o f pulmonary
23.
v e n t i la t io n  in  a irc rew  during  v ario u s f l i g h t  co n d itio n s  and to  
he ab le  to  d e fin e  the  co n d itio n s of v ib ra tio n  in  f l i g h t  ( e .g .  
during  h igh  speed f l i g h t  in  tu rbu lence) which can induce hyper­
v e n t i la t io n  and hypocapnia in  the  su b je c t w ith  th e  a tte n d a n t 
th r e a t  to  f l i g h t  s a fe ty .
I t  was co n sid ered , th e re fo re , th a t  i t  would be of g re a t 
p r a c t ic a l  v a lu e  to  c a rry  ou t in v e s tig a tio n s  in to  the  e f f e c ts  o f 
whole-body v ib ra tio n  in  the low frequency range (2 -  10 Ha) and 
to measure the  m etabo lic  oxygen CQnsurqstion, gaseous exchange and 
pulmonary v e n t i la t io n  in  man under th ese  c o n d itio n s . In the  
succeeding ch ap te rs  of th is  th e s is  the  r e s u l t s  o f these  experim ents 
a re  rep o rted  and d iscu ssed  in  r e la t io n  to  th e i r  s ig n if ic a n c e  in  
a v ia tio n  m edicine.
•ooOoo-
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CHAPTER 2
Review of th e  l i t e r a t u r e
111 th e  in tro d u c to ry  ch ap te r a t te n t io n  was drawn to  the  f a c t  
th a t  advances in  a v ia tio n  have given r i s e  to  the  need fo r  
a d d it io n a l information on the human responses to  low frequency 
s tru e tu re -h o rn e  v ib r a t io n .  I t  was s ta te d  th a t  v ery  few s tu d ie s  
have been c a r r ie d  o u t on th e  e f f e c ts  of low frequency v ib ra t io n  
on the  human resp ira tory  system  and th a t ,  in  p a rticu la r , th e re  i s  
a p a u c ity  of in fo rm ation  on the e f f e c ts  o f v ib r a t io n  on pulmonary 
v e n t i la t io n  and m etabolic  oxygen consumption in  man.
An examination of the l i t e r a t u r e  r e la t in g  to  the human responses 
to  low frequency whole-body v ib ra t io n  has shown th a t  p revious 
in v e s t ig a to r s  have been concerned w ith  m echanical resonance e f f e c ts  
a r is in g  in  th e  body in  response to  the v ib ra to ry  s tim u lu s . The 
re p o r ts  o f p rev ious au thors p o in t  to  th e  s ig n if ic a n c e  o f such body 
resonance in  the human responses to  low frequency v ib ra t io n  which 
in c lu d e  d isco m fo rt, d eg rad a tio n  of perform ance and a number of 
p h y s io lo g ic a l e f f e c ts  o f vary ing  s p e c i f i ty .  There i s  now s tro n g
evidence to  support th e  b e l i e f  th a t  many o f th e se  p h y s io lo g ic a l 
d is tu rb an ces  in  man a r is e  d i r e c t ly  o r in d i r e c t ly  as a r e s u l t  of 
d i f f e r e n t i a l  movement o r deform ation of p a r t i c u la r  body s tru c tu re s  
as they resonate at a c h a r a c te r i s t ic  frequency during  exposure of 
the su b je c t to  whole body v ib r a t io n .  In  view o f the p as t and re c e n t
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I n te r e s t  In  th is  a sp e c t o f the human response to  v ib r a t io n ,  the  
f i r s t  p a r t  o f th is  review  of th e  l i t e r a t u r e  d ea ls  w ith  p rev ious 
in v e s tig a tio n s  which have been c a rr ie d  o u t in  the  f i e ld  of body 
resonance phenomena.
Tlie second p a r t  o f the  review  d ea ls  w ith  the  work o f p rev ious 
au th o rs on the r e s p ir a to ry  e f f e c ts  o f whole body v ib ra t io n  in  man 
w ith  p a r t ic u la r  emphasis on the e f f e c ts  o f v ib ra t io n  on pulmonary 
v e n t i la t io n ,  gaseous exchange and m etabolic oxygen consumption.
These a sp ec ts  o f whole body v ib ra t io n  form the bu lk  of tlie 
experim enta l in v e s tig a tio n s  re p o rte d  and d iscu ssed  in  th is  t h e s i s .
I t  has been s ta te d  p rev io u s ly  th a t  a irc rew  f ly in g  c e r ta in  
types of f ix e d  wing and ro ta ry  wing a i r c r a f t  a re  p a r t i c u la r ly  l i a b le  
to  encounter low frequency s tru c tu re  borne v ib ra t io n  and th is  may 
cause an in c re a se  in  m etabo lic  energy expen d itu re  a t  a time when 
the  work load  may be a lread y  h ig h . In  o rd er to  a sse ss  the 
p r a c t ic a l  im portance o f th is  p h y s io lo g ic a l resp o n se , exam ination 
has been made of th e  l i t e r a t u r e  r e la t in g  to  the  energy expended 
by a irc rew  f ly in g  v a rio u s  types of a i r c r a f t .  For convenience, 
th i s  review  i s  inc luded  in  th e  l a s t  p a r t  o f th i s  chapter:.
2 .1  Body resonance phenomena
Resonance e f f e c ts  in  the human body as a response to  v ib ra t io n  
a t  low freq u en c ies  were f i r s t  no ted  by German w orkers b efo re  the 
Second World War. They observed th a t  on e x c i ta t io n  along the
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sp in a l a x is ,  the  human body possesses a dominant mode of v ib ra tio n  
in  the  frequency range 4 to  6 Hg which could be e l i c i t e d  e i th e r  by 
s te a d y - s ta te  s in u s o id a l v ib ra t io n  (M uller, 1939) o r by v e r t i c a l  
im pact (Waas, 1935). P r io r  to  th ese  in v e s t ig a t io n s ,  R eiher and 
M eister (1931) had c a r r ie d  o u t a study  of the  th resh o ld s  o f 
to le ra n c e  to  low frequency v ib ra tio n  in  a la rg e  number of su b je c ts  
and had observed th a t  exposure to  v ib ra t io n  a t  freq u en c ies  around 
5 and 10 Hg was a s so c ia te d  w ith  p a r t ic u la r  discom fort. Although 
these w orkers made no comment on the  s ig n if ic a n c e  o f  th is  o b se rv a tio n , 
i t  i s  now c le a r  th a t  th i s  e f f e c t  was most l ik e ly  due to  a  resonance 
phenomenon. In  e a r ly  s tu d ie s  on the human response to  whole-body 
v ib r a t io n ,  von Bêkêsy (1939) re p o rted  th a t  he could f in d  no e f f e c ts  
which could be a t t r ib u te d  to  resonance a t  frequencies of v ib ra t io n  
below about 3 Ha, w hile  GUrmann (1940) who s tu d ie d  th e  m echanical 
response to  low frequency whole-body v ib ra tio n  in  a la rg e  number of 
su b je c ts  found no resonance c h a ra c te r i s t ic s  a t  frequencies above 
15 Hg. In l a t e r  in v e s t ig a t io n s ,  Goldman (1948) measured the 
to le ra n c e  o f human su b je c ts  to  low frequency v ib ra t io n  and noted  
th a t  th e re  was a  pronounced red u c tio n  in  the th re sh o ld  o f su b je c tiv e  
to le ra n c e  w ith  a p p lied  v ib ra tio n s  in  the  frequency range 4 to  5 Hg. 
This e f f e c t  he a t t r ib u te d  to  resonance o f v ario u s p a r ts  o f the  body. 
Loackle (1950) observed a v e r t i c a l  mode of human body v ib ra t io n  in  
th e  frequency range 6 to  10 Hg: which he a t t r ib u te d  to  resonance 
o f th e  abdominal v is c e ra  In  g en e ra l and to resonance of th e  l iv e r
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mass in  p a r t i c u la r .  In  l a t e r  s tu d ie s ,  the  b e l ie f  th a t  resonance 
e f f e c ts  of the  thoraco-abdom lnal system  may p lay  a m ajor ro le  in  
tlie human response to  low frequency v ib ra t io n  was s tren g th en ed  by 
o b se rv a tio n s  by Latham (1957) who d escribed  severe  upper abdominal 
p a in  e l i c i t e d  by v ib ra t io n  a t  ci frequency of 8 Hz and by îiigidp 
Coermann & E iegenruecher (196Q) who noted c h e s t d iscom fort in  th e i r  
su b je c ts  exposed to  whole-body v ib ra t io n  a t  freq u en c ies  between 
5 and 9 Hz,
Although a number of workers have re p o rte d  e f f e c ts  due to 
body résonance which have a r is e n  in  the course o f s tu d ie s  in to  
v ario u s a sp ec ts  o f the  human responses to  low frequency whole-body 
v ib r a t io n ,  th e re  have been com paratively  few in v e s tig a tio n s  aimed 
s p e c i f ic a l ly  a t  d e fin in g  the  freq u en cies  o f v ib ra t io n  which w i l l  
i l l i c i t  th e se  resonance phenomena, In  the main, Wo techniques 
have been used by independent groups of workers to  c a rry  ou t more 
d e ta i le d  and s p e c if ic  a n a ly s is  of body resonance, These techniques 
involve measurement e i th e r  of the t r a n s m is s ib i l i ty  of the  ap p lied  
v ib ra t io n  through, the  body, o r the measurement of the m echanical 
impedance c h a r a c te r i s t ic s  of the body in  response to  v ib r a t io n .
With each of th e se  tech n iq u es, i t  i s  p o ss ib le  to  observe and 
measure the response of p a r ts  of the body to  v ib r a t io n  a t  various 
freq u en c ies  and ac ce le ra tio n -a m p litu d es  ap p lied  to  the whole body 
and to  d e fin e  the c h a r a c te r i s t ic  of the v ib ra to ry  stim u lus which 
w i l l  s e t  up resonance in  any p a r t ic u la r  s t r u c tu re  o f the body.
The m a jo rity  o f in v e s t ig a to r s  who have s tu d ie d  resonance e f f e c ts
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in  the body in  response to  v ib ra t io n  have u t i l i s e d  the  f i r s t  o f 
the  Wo a l te r n a t iv e  experim ental techniques -  measurement o f t- 
tran sm iss lb l l i ty *  Transm iss i b i l i t y  i s  defined  as th e  r a t i o  of 
the v ib ra t io n  am plitude measured a t  the p a r t  o f the  body under 
c o n s id e ra tio n  to  the  am plitude o f the fo rc in g  v ib r a t io n .  I f  the 
motion of the p a r t  concerned i s  equal in  am plitude to  the  fo rc in g  
frequency, resonance of the  part i s  ab sen t, and t r a n s m is s ib i l i ty  
i s  u n ity . In co n d itio n s of resonance, however, the r a t io  i s  
g re a te r  than u n ity  s in c e  the  in p u t v ib ra t io n  i s  am p lified  in  the  
s t ru c tu re  concerned. In  p ra c t ic e  a number o f  woidcers have 
measured th e  t r a n s m is s ib i l i ty  of v ib ra tio n  and observed the occur­
rence of resonance by means of accelerom eters a tta c h e d  to  the p a r t  
o f the  body under in v e s t ig a t io n  (Dieekmann, 1957; G uignard, 1959| 
Latham, 1957; Roman e t  a l ,  1959), O ther w orkers have s tu d ied  
resonance in  body s tru c tu re s  by measurement o f t r a n s m is s ib i l i ty  
u sing  cinem atographic techniques (Guignard & I rv in g , 1959; Roman 
e t  a l ,  1959) and s p e c i f ic a l ly  in  the  abdomhial v is c e ra  by means of 
rad iography  (Loeckla, 1944), Measurement o f t r a n s m is s ib i l i ty  
has a lso  been used to  study resonance e f f e c ts  in  the  tho raco ­
abdominal system  in  man by Du B ois, Brody, Lewis & Burgess (1956) 
and in  anim als by Brody, Connolly & Hander (1959) who observed the 
response to  s in u s o id a lly  vary ing  a i r  p re ssu re s  ap p lied  to  the tra c h e a . 
An a l te r n a t iv e  approach to  the measurement o f body resonance 
has bean used by a few in v e s t ig a to r s  in  th i s  f i e l d .  The technique
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used by th e se  w orkers has been the  measurement of the  m echanical 
impedance c h a r a c te r i s t ic s  of the  body in  response to  ap p lied  
v ib r a t io n .  M echanical impedance i s  defined  as the  complex r a t io  
o f th e  power t r a n s i t  ted  to  a v ib ra te d  system  to  the v ib ra t io n a l  
v e lo c ity  o f e x c i ta t io n .  I f  values o f m echanical impedance of 
whole o r  p a r t  o f  the body a re  p lo t te d  g ra p h ic a lly  a g a in s t  vib ration  
frequency , resonance of a body s tr u c tu re  a t  any p a r t i c u la r  frequency 
i s  observed as a lo c a lis e d  maximum value in  th e  cu rve . This 
techn ique has been used more e x te n s iv e ly  in  s tu d ie s  o f resonance 
e f f e c ts  in  the s k u l l  and o th e r  p a r ts  o f the  human sk e le to n  which 
a re  e x c ite d  by v ib ra tio n s  in  the  h ig h e r frequency range 1600 to 
1800 Hz. I t  h a s , however, been ap p lied  to  in v e s tig a tio n s  o f 
resonance phenomena during  whole-body v ib ra t io n  a t  in f ra a o n ic  
freq u en c ies  (D ieckm nn, 1957; Goermann, Z iegenrueclcer, W ittwer & 
von Gierke, 1960)•
The r e s u l t s  o b ta in ed  by various workers in  the  f i e l d  o f body 
resonance phenomena p o in t  to  the  f a c t  th a t  th e re  a re  c e r ta in ly  # 7 0  
and p o ss ib ly  three, m ajor modes of resonance in  th e  human body.
There is  g en e ra l agreem ent amongst in v e s t ig a to r s  th a t  the  f i r s t  
mode o f body resonance occurs a t  a v ib ra t io n  frequency of about 
4 to  5 He. Although the  ex is te n c e  of th is  mode o f body resonance 
i s  now firm ly  e s ta b lis h e d , the  anatom ical b asis  fo r  th e  phenomenon 
i s  le s s  w e ll understood . Using a technique, of t r a n s tn is s ib i l i ty  
measurement supplem ented by high speed cinem atography. Guignard &
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Irving (1959) concluded th at the f i r s t  mode o f body resonance a t  
frequencies of about 4 to 5 Ha wae due la rg e ly  to reaonauce o f  the 
upper torso and shoulder g irdle* In th o ir  %mrk, a graphical p lo t  
o f  ma&Qured trau am laa ib ility  against the frequency o f the applied  
v ib ra tion  ahowed a maximum v&lua a t 5 which wae more prominent 
when recorded a t  idie shoulder than a t the head* In a la te r  
In v estig a tio n  Coermauu e t  a l (1960) showed, hovfcver, that reoouauce 
a t  the shoulder g ir d le  alone was not s u f f ic ie n t  to exp lain  the 
f i r a t  mode o f  whole-body resonance* Using a technique whereby 
the m&chanicul impedance o f the body waa measured these workers 
demonstrated a reoonance o f the thoraco-abdominai ayatam a t  a 
frequency o f  about 4 Hz* This observation was la te r  confirmed by 
the work o f  Ernsting (1961) in  which intra-abdominal pressure was 
measured in  the seated  subject during whole-body low frequency 
vibration# I t  ia  c lea r  from these stu d ies that no sim ple anatomical 
explanation can be given for the f i r s t  mode o f whole-body resonance 
a t  4 to  5 Ur but i t  i s  p o ss ib le  that th is  response i s  d icta ted  by 
a t le a s t  two resonating systems -  the p ectora l g ir d le  and tboraco"^ 
abdominal v iscera#
Several groups o f in v estig a to rs have described a second mode 
of resonance in  the body during applied lon g itu d in a l v ib ra tio n .
This aecond mode o f resonance which occurs in  the frequency range 
11 to  14 H& was f i r s t  observed by von Bëkësy (1939) and la te r  by 
Dieckman (1957), Magid e t  a l  (1960) and Coermann (1962)# These
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workers observed xmximum v alu es  in  th e i r  impedance curves a t  
freq u en c ies  between 11 and 14 Hz during  whole-body v ib ra t io n  
s tu d ie s  in  man. Goldman (1957) has suggested  th a t  th i s  second 
mode of resonance may be a s so c ia te d  w ith  a x ia l  com pression o f the  
body between the  trunk  and head during  wliole-body v ib ra t io n , 
a lthough as y e t ,  no s a t i s f a c to r y  explanation fo r  th is  phenomenon 
i s  p o s s ib le .  à  th ird  resonance o ccu rring  in  th e  human body a t  
freq u en c ies  o f v ib ra t io n  beW een 17 and 25 Hz has been d escrib ed  
by Dieckman (1957) and Latham (1957) and th is  may be due to 
resonance of the head on the  trunk  w ith  p o s s ib le  a x ia l  com pression 
o f the c e rv ic a l  spine*
Although the main i n t e r e s t  in  body resonance phenomena has 
been d ire c te d  towards v ib ra t io n  in  the lo n g itu d in a l  ( v e r t ic a l )  
d ir e c t io n  th e re  have been a few s tu d ie s  on the  e f f e c ts  o f v ib ra t io n  
ap p lied  to  the  human body in  more than one plane* Thus i t  has been 
shown th a t  when the  seated  su b je c t i s  vibrated  by a fo re -a n d -a f t  
o r sideways movement o f the s e a t ,  a sh earin g  fo rce  i s  applied to  
the  b u tto c k s , A low frequency resonance occurs due to  f le x io n  of 
the luîïibo-dorsal sp in e , and, in  fo re -a n d -a f t  v ib r a t io n ,  a r t i c u la t io n  
a t  the  hip j o i n t s .  Von Belcdsy (1939) recorded  a l a t e r a l  bending 
mode a t  1 ,6  Hz and more recen tly , maximum v alu es in  h o r iz o n ta l 
s e a t- to -h e a d  t r a n s m is s ib i l i ty  have been re p o rte d  in  the  range 1*5 
to 2,5  Hz (Dieekmann, 1958; H ornick, B oe ttcher & Simons, 1961).
I t  i s  now b e liev e d  th a t  resonance near 2 Hz i s  the  dominant mode
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in  h o r iz o n ta l  v ib ra t io n  of the sea ted  man * The im portance of
the  huîïîan response to  v ib ra t io n  ap p lied  sim ultaneously  in  more 
than  one ax is  has been po in ted  ou t by G rant (1961)• He showed 
th a t  in  th e  composite v ib ra t io n  of h e l ic o p te rs  the  d ire c t io n  and 
magnitude o f the r e s u l t a n t  a c c e le ra tio n  a re  im portan t in  d e te r ­
mining i t s  s u b je c tiv e  a c c e p ta b i l i ty .  Thus, i f  a s u b je c t i s  
exposed to  sim ultaneous v e r t i c a l  and h o r iz o n ta l  ( fo re -a n d -a f t)  
v ib ra tio n s  of equal frequency and am plitude, a c i r c u la r  motion of 
the  s e a t  may be produced by s u i ta b le  phasing o f two v ib ra t io n s ,  
and i t  has been dem onstrated th a t  depending on the  d ir e c t io n  of 
c i r c u la r  motion the s u b je c tiv e  responses w i l l  be c h a r a c te r i s t i c  
of those due to  e i th e r  v e r t i c a l  o r  h o r iz o n ta l e x c ita tio n *  In 
p r a c t ic e ,  and o f im portance in  the. p re se n t c o n te x t, a coupled mode 
r e la te d  to  the tra n sv e rse  resonance c h a r a c te r i s t ic s  o f the  to rso  
can be e x c ite d  a t  a frequency of 2 Hz ap p lied  to  the  body in  a 
v e r t i c a l  d irec tio n *  Begbie, G ainford , M ansfield , S t i r l in g  &
Walsh (1963) have recorded  v e r t i c a l  v ib ra tio n s  of 3 to  4 Hz and 
l a t e r a l  o s c i l l a t io n s  of 0 .5  to  1.5  Hz a t  the  head in  ra ilw ay  
p assen g ers , the  dominant reso n an t system  to  the  body presumably 
having am p lified  p a r t ic u la r  components of the fo rc in g  v ib ra t io n  o f 
the  t r a in .  I t  i s  b e liev ed  th a t  s im ila r  phenomena may occur in  
a v ia tio n .
Of co n s id erab le  i n t e r e s t  to  the p h y s io lo g is t  a re  the  p h y s ic a l 
f a c to r s ,  a p a r t  from frequency i t s e l f ,  which determ ine the  appearance
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of any p a r t i c u la r  body resonance . Guignard (1965) has c l a s s i f ie d  
these  f a c to rs  in to  those which a re  i n t r i n s i c ,  l ik e  body b u i ld ,  
p o stu re  and m uscular te n s io n , and those which a re  e x t r in s ic ,  l ik e  
the d i r e c t io n ,  in te n s i ty  and s i t e  o f a p p lic a tio n  o f v ib ra t io n  to  
the body, the  d is t r ib u t io n ,  w eight and s t i f f n e s s  o f c lo th in g  and 
equipment c a r r ie d  on the person  and dynamic in te ra c t io n s  beto^reen 
the  body and the  s t r u c tu re  through which v ib ra t io n  i s  a p p lie d .
'fhus, Guignard & Irv in g  (1960) found th a t  te n s in g  the  p e c to ra l 
m usculature n^odified the resonance a t  a frequency o f 5 Hz, which 
occurred  w ith  whole-body v ib ra t io n  and had the  e f f e c t  o f in c re a s in g  
bo til the  s t i f f n e s s  and damping of the  system* Edx^ards (1950) and 
Coerîîîann (1962) showed th a t  changes in  p o stu re  could markedly 
in f lu e n c e  the  tran sm iss io n  o f v ib ra t io n  through the  body. Among 
the e x t r in s ic  fa c to rs  which modify resonance in  the  body, one of 
the most im portan t i s  the d ir e c t io n  of a p p lic a tio n  of v ib ra t io n , 
and c e r ta in ly  the in te n s i ty  o r fo rce  of the  ap p lied  v ib ra t io n  has 
a marked e f f e c t .  Ttms, Coermann (1962) found th a t  the  tra n s ­
m is s ib i l i ty  of the body a t  resonan t freq u en cies  was reduced a t  
a c c e le ra tio n -a m p litu d es  g re a te r  than about 0 .5  G, an e f f e c t  
a t t r ib u te d  (Guignard & I rv in g , 1960) to  in v o lu n ta ry  m uscular te n s in g , 
A s im ila r  red u c tio n  o f the se a t- to -h e a d  t r a n s m is s ib i l i ty  w ith  
in c re a s in g  fo rced  a c c e le ra tio n  from 0 .2  to  0 ,4  G was rep o rted  
by Hornick e t  a l  (1961). O ther e x t r in s ic  f a c to r s  l ik e  s t i f f e n in g  
o f the  body by means o f b ind ings o r se m i-r ig id  f ly in g  c lo th in g  may
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modify Üie response to  whole-body v ib ra tio n  by augmenting body 
resonance (Coermami, 1962)• I t  i s  c le a r  from a review  o f the  
l i t e r a t u r e  r e la t in g  to  the huimn response to  whole-body v ib ra t io n , 
th a t  imny in v e s t ig a to r s  have f a i le d  to  a p p re c ia te  the s ig n if ic a n c e  
of i n t r i n s i c  and e x t r in s ic  fa c to rs  xfhich can modify body resonance 
e f f e c ts  and in  tu rn  the p h y s io lo g ica l response to  the  fo rc in g  
v ib ra t io n .
In  the  p re s e n t co n tex t, g re a t i n t e r e s t  surrounds the  resonance 
c h a ra c te r i s t ic s  o f the human ch es t- lu n g  and abdominal system  s in ce  
th is  may p lay  a major p a r t  in  the r e s p ir a to ry  e f f e c ts  o f whole-body 
lox\T frequency v ib r a t io n .  In  a p rev ious paragraph i t  was s ta te d  
th a t  Coermann e t  a l  (1960) using  m echanical impedance methods 
dem onstrated resonance o f the  human tho raco-abdominai system  a t  a 
frequency of about 4 Hz. I t  was a lso  s ta te d  th a t  a s im ila r  
o b se rv a tio n  had been rep o rted  by E m stin g  (1961) during  experim ents 
in  which sea ted  su b je c ts  were escposed to  whole-body v ib ra tio n s  a t  
in f ra s o n ic  fre q u e n c ie s . % is  l a t t e r  au tho r measured the i n t r a ­
abdominal p re ssu re  during  whole-body v ib ra t io n  and no ted  th a t  
maximum am plitude o f o s c i l l a t io n  occurred a t  freq u en c ies  of v ib ra t io n  
bets^ean 3 and 5 Hz'. In  th e i r  s tu d ie s ,  Du B o is, Brody, Lewis & 
Burgess (1956) connected a sm all s in u so id a l pump xfith a co n s tan t 
s tro k e  volume d i r e c t ly  to  a mouthpiece p laced  between the  l ip s  of 
a re lax ed  s u b je c t .  They determ ined the  r e la t io n s h ip  between the  
imuth p re ssu re  and gas flow in to  and o u t of the  mouth a t  v ario u s
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pump frequoB cies and recorded  imvements o f the c h e s t w a ll and 
abdomen. The o v e ra l l  p raesiire  and flovi changes thus measured 
were In  phase a t  a frequency of 5 .8  Hz in d ic a t in g  a t  l e a s t  one 
resonance o f the  eh ee t-lu n g  system  a t  th is  frequency . Using 
sim ilar methods in  anim ais i t  has been shown th a t  in  the  dog, the 
n a tu ra l  re so n a n t frequency of the chest-lung system  Is  5 .4  He 
(H ull & Longs 1961) and in  the cat 9 10 Hz (Brody, Du Boia,
l l i a s a l l  & Englober#, 1956). In an extension  o f th e se  anim al 
s tu d ie s  B rcd ie , Connolly & Wander (1959) examined the contribution  
made by various v iscera  to the reso n an t frequency o f the  o v e ra l l  
thoraco-abdom inal system  in  the  c a t .  By s u rg ic a l  removal of  
v a rio u s v is c e ra  they  demonstrated th a t  the abdominal w all and the  
l iv e r  e x e r t  a  major in fluence on the  réso n an t c h a r a c te r i s t ic s  of  
the  whole system . Using rad io g rap h ic  tech n iq u es , Nickerson 6 
Coermann (1962) showed th a t  in  the  dog the  abdominal v is c e ra  and 
tho rax  re so n a te  as a s in g le  mass a t  a frequency of between 3 and 
S Hz.
Using a v a r ie ty  o f e l e c t r i c a l  analogue dev ices Shephard 
(1966) and Clem ents, Sharp, Johnson & Elam (1959) in v e s tig a te d  
the p a r ts  played by v ario u s components of the  r e s p ir a to ry  system  
in  the o v e ra l l  resonance behaviour o f the ch e s t- lu n g  system .
Both groups o f workers demonstrated th a t  the  upper r e s p ir a to ry  
tra c t p lays a m ajor ro le  in  th is  resp ect. Using a  more complex 
e l e c t r i c a l  analogue model to sim u la te  p a r a l l e l  branches in  the
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r e s p ir a to ry  b ro n ch ia l t r e e .  Van den Berg (1960) showed th a t  
v a rio n s  components of the r e s p ir a to ry  t r a c t  have th e i r  own 
c h a r a c te r i s t ic  re so n an t frequency and suggested  th a t  the  reso n an t 
frequency of the whole r e s p ir a to ry  system  may be conq^ounded from 
the in te ra c t io n  of resonance p ro p e r tie s  in  the in d iv id u a l components.
Although the  ex a c t resonance behaviour o f  the  human chest™lung 
system  i s  n o t y e t  c le a r ,  i t  i s  now b e liev ed  th a t  resonance phenomena 
may be re sp o n s ib le  fo r  some o f the r e s p ir a to ry  e f f e c ts  o f low- 
frequency whole-body v ib r a t io n .  Indeed, Coermann efe a l (1960) 
d esc rib e  the  thoraco™abdominal system  as one o f the  most im portan t 
systems a f fe c t in g  the re so n an t p ro p e r tie s  o f th e  human body and 
the p h y s io lo g ic a l responses o f the  su b je c t to  low frequency whole™ 
body v ib r a t io n .
2 .2  R esp ira to ry  e f f e c ts  o f whole-body v ib ra t io n
(a) Pulmonary v e n t i la t io n
There have been very  few s tu d ie s  on th e  r e s p ir a to ry  e f f e c ts  
of low frequency whole-body v ib ra t io n . E arly  German workers 
(M üller, 1939; CUrmaim, 1940 and Loeckle 1940) re p o rte d  th a t  
su b je c ts  e3£posed to  v ib ra t io n  showed an in c re a se  in  r e s p ir a to ry  
r a t e ,  pulmonary v e n t i la t io n  and m etabolic  oxygen consum ption.
These r e s p ir a to ry  e f f e c ts  were a t t r ib u te d  to  a r a is e d  m etabolic  
a c t iv i ty  due to  m uscular e f f o r t  on the  p a r t  o f the  s u b je c t in  
o rd e r to  m ain ta in  h is  p o s tu re  in  the  face  o f th e  v ib ra to ry  s tim u lu s .
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Tills ex p lan a tio n  was re - in fo rc e d  by the f in d in g  th a t  the in c re ase s  
in  the  r e s p ir a to ry  in d ic e s  were much g re a te r  when th e  su b je c ts  
were s tan d in g  up, than when they were sea ted  du ring  low frequency 
v ib r a t io n .
The id ea  that: p a ss iv e  movement o f the body, p a r t ic u la r ly  o f 
th e  lim bs m ight s tim u la te  pulmonary v e n t i la t io n  was f i r s t  in troduced  
by G appert & Znntz (1888) and l a t e r  re s tu d ie d  by Bahnson, Horvath 
& Comroa (1949) • Tiiese l a t t e r  au thors showed th a t  p a ss iv e  move­
ment o f th e  leg s  on bk) to r -d r iv e n  pedals was accompanied by a 
marked in c re a se  in  m etabo lic  oxygen consumption and a corresponding 
in c re a se  in  pulmonary v e n t i la t io n .  In  a l a t e r  s tu d y , Dixon,
S tew art, M i l s , V arvis and Bates (1961) In v e s tig a te d  the  r e s p ir a to ry  
e f f e c ts  o f p ass iv e  imveimnt o f  the body using  a com m ercially made 
dom estic e x e rc is in g  machine which ap p lied  rhy thm ical movements a t  
freq u en c ies  of 0 .5  to  0 .8  Hz to  the  b u tto c k s , arms and legs of 
the  se a te d  s u b je c t .  Tliey showed th a t  c e r ta in  types o f  p ass iv e  
movement o f th e  body caused a balanced in c re a se  bo th  in  pulmonary 
v e n t i la t io n  and m etabo lic  oxygen consumption in  th e  e^sperimental 
s u b je c ts , w hile  c e r ta in  o th e r  types o f  movement caused an in c re a se  
in  pulmonary v e n t i la t io n  which was in  excess o f  th e  m etabolic  
requirem ents o f the  body. The p assiv e  v ib ra to ry  Movement which 
caused h y p e rv e n tila t io n  (and in  a few su b je c ts  symptoms of hypo- 
capnia) was th a t  ap p lied  to  the b u ttocks o f the s u b je c t in  a 
n e a rly  v e r t i c a l  mode, a lthough  i t  was found th a t  p a ss iv e  f le x io n
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and ex ten sio n  o f the arms and to  and f ro  movement o f the upper 
to rso  could augment the  observed re s p ir a to ry  e f f e c t s .  The 
au tho rs were unable to  eicplain the  mechanism of p ro d u ctio n  o f 
h y p e rv e n tila t io n  and hypocapnia during n e a r - v e r t ic a l  whole-body 
v ib ra t io n  although they considered  i t  p o s s ib le  th a t  la b y r in th in e  
re f le x e s  m ight be invo lved . They a lso  b e liev e d  th a t  th is  
mechanism mi.ght ex p la in  the  h y p e rv e n tila t io n  in  p i l o t s  f ly in g  a t  
h igh  speed and low le v e l through tu rb u len ce , p rev io u s ly  rep o rted  
by B alke, Wells & C lark  (1957).
In  the  course of cssperinients to  determ ine th e  tran sm iss io n  
o f v ib ra t io n  through th e  human body a t  freq u en c ies  bettfeen 1 .7  
and 9 .5  Hz, Guignard & Irv in g  (1960) no ted  th a t  some o f  th e i r  
su b je c ts  complained of lig h th ead ed n esa , p e r ip h e ra l  p a ra e s th e s ia  
and o th e r  symptoms o f hypocapnia which suggested  th a t  the  form of 
whole-body v ib ra t io n  used in  th e i r  experim ents m ight induce 
h y p e rv e n ti la t io n . Since a t  th a t  tim e, advances in  m il i ta ry  
a v ia tio n  req u ire d  the  occupants o f c e r ta in  a i r c r a f t  to  f ly  a t  
h igh speed and low a l t i tu d e s  i t  was fea red  th a t  exposure to 
s tru c tu re -b o rn e  v ib ra tio n  a t  freq u en cies  o f  le s s  than  10 Hz 
under th ese  circum stances m ight induce dangerous h y p e rv e n tila t io n  
and hypocapnia in  a irc rew . In  o rd er to  in v e s t ig a te  th is  problem^ 
th e re fo re , E rn s tin g  (1961) eseamined the  r e s p ir a to ry  e f f e c ts  o f 
v e r t i c a l  s in u so id a l v ib ra t io n  ap p lied  to  th e  b u tto ck s  of a 
sea te d  s u b je c t  over the frequency range 1 .7  to  9 .5  Hz and a t
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a c c e le ra tio n  am plitudes of up to  + IG. He dem onstrated in  h is  
study  th a t  th e re  was a s ig n i f ic a n t  in c re a se  in  pulmonary v e n t i la t io n  
at fo rc in g  a c c e le ra tio n s  which exceeded 0*5 G a t  a frequency o f 
9.5 Hz, A d is p ro p o r tio n a te ly  la rg e  in c re a se  in  pulmonary 
v e n t i la t io n  when r e la te d  to  the  in c re ase  in  oxygen up t a k e t o g e t h e r  
w ith  an in c re a se  in  the  r e s p ir a to ry  exchange r a t i o  was adduced as 
evidence o f h y p e rv e n ti la t io n . In  some of h is  su b je c ts  E rn s tin g  
a lso  recorded  an a r t e r i a l  carbon d iox ide p a r t i a l  p re ssu re  of le s s  
than  25 ram Hg a f t e r  only  2 m inutes o f v ib ra t io n  a t  about IG 
a c c e le ra t io æ ’araplitude and a t  a frequency o f 9 .5  Hz* These su b je c ts  
rep o rted  marked syrr^toms o f hypocapnia. In  seek ing  a cause fo r  
the  h y p e rv e n tila t io n  found during  low frequency v ib ra t io n  in  these  
experim ents @ E rn s tln g  examined the  p o s s ib i l i t y  th a t  a  c o n tr ib u to ry  
fa c to r  m ight be th e  superim position  of o s c i l l a t io n s  upon the 
r e s p ir a to ry  flow a t  th e  fo rc in g  frequency. He p o in ted  outp however, 
th a t  th e  magnitude of the  p ass iv e  m echanical e f f e c t  (which was 
g r e a te s t  a t  3 ™ 4 Hz) was co n s id erab ly  sm aller^  in  terms of volume 
rec ip ro ca tio n s , than  the  an a to M cal dead-spaca and he considered  
th a t  the  c o n tr ib u tio n  by th ese  o s c i l la t io n s  to  the production  of 
h y p e rv e n tila t io n  would be m inor, excep t perhaps a t  whole-body 
resonance. E rn s tin g  d id  note^ however^ th a t  v ib ra t io n  which was 
s u f f i c ie n t ly  severe  to  cause a s ig n i f ic a n t  in c re a se  in  pulmonary 
v e n t i la t io n  a t  th e  h ig h e r range of freq u en c ies  stud ied^  a lso  caused 
d iscom fort in  h is  su b je c ts  and he b e liev ed  th a t  th e  observed
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h y p e rv e n tila t io n  m ight be exp lained  by the  s t r e s s  o f p h y s ic a l 
d iscom fort added to  th e  m etabo lic  demanda o f p o s tu ra l  muscle 
a c t i v i t y  during  whole™body v ib ra t io n . P a ra d o x ic a lly ; i t  was 
found th a t  during  v ib ra t io n  a t  a co n s tan t acee le ra tio n ^ am p litu d e  
of 0 .25 G5 the  in c re a se  in  pulmonary v e n t i la t io n  was g r e a te s t  
a t  the loxm st frequency s tu d ied  (1 .7  Hz). This frequency is  
below th a t  o f any known m echanical resonance o f the  r e s p ir a to ry  
system ; and v ib ra t io n  e^cposure was n o t a s so c ia te d  w ith  any dis™ 
com fort on the  p a r t  o f  the experim ental s u b je c t .  The changes in  
pulmonary v e n t i la t io n  which occurred  during  v ib r a t io n  o f th is  
type was, th e re fo re ? te n ta t iv e ly  a t t r ib u te d  to  la b y r in th in e  
s tim u la tio n  ™ an ex p lan a tio n  which was a lso  advanced by Dixon e t  
a l  (1961) fo r  the h y p e rv e n tila t io n  and hypoea%mia observed during 
th e i r  whole^body v ib ra t io n  s tu d ie s .
In  an a ttem p t to  d e fin e  some of the human responses to  whole™ 
body v ib ra t io n  o f the type l ik e ly  to  be encountered  in  a v ia t io n ; 
D uffnar; Hamilton & Schmitz (1962) c a rr ie d  o u t an in v e s t ig a t io n  
in to  the  r e s p ir a to ry  e f f e c t s  of low frequency v ib r a t io n .  Tliey 
exposed th e i r  su b je c ts  to  v ib ra tio n  a t  co n s ta n t acceleration™  
am plitudes of 0 .15 and f  0 .35 G and freq u en c ies  o f 2 to  7 Hz 
fo r  a p e rio d  of about fo u r m inutes. They observed a marked 
in c re a se  in  pulmonary v e n t i la t io n  a t  the  s t a r t  o f v ib ra t io n  a t  
a l l  f re q u en c ie s ; which g rad u a lly  re tu rn ed  towards r e s t in g  le v e ls  
n ear th e  and o f the  v ib ra t io n  period* The changes in  v e n t i la t io n
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which occurred  a t  au acee le ra tio u ^am p litu d e  o f j; 0 .35  G were 
g re a te r  than  those  which occurred  a t  an a c ce le ra tio u -a m p litu d e  
o f 0 .15  G and q u ite  marked h y p e rv e n tila t io n  was found a t  
freq u en c ies  o f v ib ra t io n  o f 4 “* 5 Hz. Since th e  lo n g itu d in a l 
re so n an t frequency of the  human body l i e s  in  th is  range^ the 
au th o rs suggested  th a t  o s c i l l a t io n  of the thoraco™abdomi.nal v iscera  
w ith  s tim u la tio n  o f deform ation re c e p to rs  in c lu d in g  those in  lung 
t i s s u e ;  might be re sp o n s ib le  fo r  i n i t i a t i n g  a r e f le x  hyper™ 
v e n t i la t io n  during  whole^body v ib ra t io n .
Hoover & Ashe (1962) p o in ted  ou t that prev io u s workers had 
s tu d ied  the  r e s p ir a to ry  e f f e c ts  of whole™body v ib r a t io n  in  man 
during  r e l a t iv e l y  sh o r t term  exposures la s t in g  3 to  5 m inutes.
% ey in v e s tig a te d  the e f f e c ts  o f v ib ra tio n  a t  acceleration™  
airplitucles from 0 .3  to  G over the  frequency range 2 to
15 Hz w ith  exposures la s t in g  W cnty m inutes ; and found a very  
marked in c re a se  in  pulmonary v e n t i la t io n  a t  fo rc in g  freq u en cies  
o f 6; 8; 11 and 15 Hz. In  th e i r  study  th e  in c re a se  in  pulmonary 
v e n t i la t io n  a t  th ese  freq u en c ies  o f v ib ra tio n  was brought about 
alm ost e n t i r e ly  by an in c re a se  in  t id a l  volume. Although no 
maasureïïisntB were made o f end™ tidal o r a r t e r i a l  carbon d iox ide 
p a r t i a l  p re ssu re s  ; th e  au th o rs b e liev ed  th a t  th e  in c re ased  
pulmonary v e n t i la t io n  a t  th e  h ig h e r range of v ib ra t io n  freq u en cies  
s tu d ied  was tru e  h y p e rv e n tila t io n  s in c e  on c e s s a tio n  o f the 
v ib ra t io n  stim u lus v alues o f minute volume v ev n tila tio n ; r e s p ir a to ry
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r a te  and t i d a l  volume f e l l  to  below those ob ta in ed  during  the 
p erio d  o f r e s t  p r io r  to  v ib ra t io n  ™ a phenomenon which i s  o f te n  
seen during  recovery  from experim ental h y p e rv e n t i la t io n . Ho 
explanation, however, was o ffe re d  by the  au th o rs  fo r  th e  r e s p ir a to ry  
changes observed during  th e  v ib ra t io n  p e r io d .
There i s  now s tro n g  evidence th a t  whole™body v ib ra t io n  a t  
c e r ta in  acceleration™ a%%li tudes and freq u en c ies  can cause a marked 
in c re a se  in  pulmonary v e n t i la t io n  and, in  some c a se s , h y p e rv e n tila t io n  
and hypocapnia. The exact mechanism causing the h y p e rv e n tila t io n  
i e ,  however, le s s  c le a r .  Lamb & Tenney (1966) c a r r ie d  o u t a 
s e r ie s  o f experim ents in  o rd er to  t ry  and e lu c id a te  the  mechanisms 
involved in  the  p roduction  o f h y p e rv e n tila t io n  du ring  whole^body 
v ib r a t io n .  Tliey s tu d ied  the e f f e c ts  o f v ib ra t io n  applx.ed to  
supine su bjects by means of motor™driven fo o t p e d a ls . Xlie frequency 
of the ap p lied  v ib ra t io n  in  th e i r  experiments was 6 .6  Hz and the 
a c co le ra  tion™ am plitude of the  v ib ra t io n  as measured by means o f 
acce lerom eters ap p lied  to  th e  th o rax , was 0 .9  G. The 
v e n t i la to ry  response of the  su b je c t exposed to  th e  v ib ra to ry  
stim ulus was ra p id  in  o n s e t, h ig h ly  rep ro d u c ib le  and p e r s i s t e n t .
By the  f i r s t  o r  second b re a th  a f t e r  the  s t a r t  of v ib r a t io n  t id a l  
volume and r e s p ir a to ry  frequency in c reased  and the  eiid™tidal 
carbon d io x id e  p a r t i a l  p re ssu re  began to  f a l l ,  reach in g  a new 
stead y  v a lu e  w ith in  about 60 •* 120 seconds. By th e  end of a 
s ix  m inute p erio d  o f v ib ra t io n  the  end™ tidal p a r t i a l  p re ssu re  o f
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carbon d iox ide  had f a l le n  by as much as 13 mm Hg in  some o f th e  
experim ental s u b je c ts , in d ic a t in g  th a t  the  v ib r a t io n  had induced 
a severe  degree o f h y p e rv e n tila t io n  and hypocapnia. The au tho rs 
noted th a t  th e re  was a d i r e c t  r e la t io n s h ip  between the  magnitude 
of the ap p lied  v ib ra to ry  stim ulus and the magnitude o f the  
v e n t i la to ry  response .
In  an attempt to  d isco v er the  mechanism involved  in  the  
p roduction  o f h y p e rv e n tila t io n  during  whole™body v ib ra t io n  Lamb & 
Tenney c a r r ie d  o u t an a d d it io n a l s e r ie s  o f e:Eperiment8. In  th is  
study v ib ra t io n  was ap p lied  d i r e c t ly  to  th e  lower lim bs of the 
su b je c t b u t f a i le d  to  e x c ite  h y p e rv e n tila t io n  a lthough  th e re  was 
an in c re a se  in  m inute volume v e n t i la t io n  which was p ro p o rtio n a l 
to  th e  s l i g h t  in c re a se  in  m etabolic oxygen consumption^ Wien 
v ib ra t io n  ( a t  a frequency o f 6 Hz) was ap p lied  to  th e  abdomen a lone , 
by means of c y c l ic a l  in f la t io n  of the b lad d er of a s tan d ard  U nited 
S ta te s  Air Force a n t ig ra v i ty  s u i t  no h y p e rv e n tila t io n  was seen .
Tills ev idence , to g e th e r  w ith  the  f a c t  th a t  r ig id  abdominal b in d ers  
ap p lied  to  the  tho rax  and abdomen f a i le d  to  reduce the  v e n t i la to ry  
response du ring  the  whole™body v ib ra tio n  experim en ts, led  the  
autdiors to  suppose th a t  th e  r e s p ira to ry  responses could  n o t be 
m ediated through s p e c if ic  rtiechanorecaptors s i t e d  in  the  abdominal 
and th o ra c ic  v is c e ra .  In  o rd er to  t e s t  an a l te r n a t iv e  p o s s ib i l i t y  
th a t  s tim u la tio n  o f the  se m ic irc u la r  canals  during  whole™body 
v ib ra t io n  m ight be re sp o n s ib le  fo r  the  observed r e s p ir a to ry  changes,
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Lamb and Tenney tipp lied  lo c a l  an te rio r™ p o ste rio r v ib ra t io n  move™ 
ments d i r e c t ly  onto the  head (which was encased in  an American 
fo o tb a ll  type p ro te c t iv e  h e lm e t)# With lo c a l ly  ap p lied  v ib ra tio n s  
o f th i s  type ( a t  a frequency o f  6 Hz) they  were a b le  to  reproduce 
a range o f nodding head movements s im ila r  to those  observed 
during  th e i r  whole^body v ib ra t io n  experim ents. In  s p i t e  o f 
v igorous head movement a t  th i s  frequency of v ib ra t io n  th e re  was, 
however, no h y p e rv e n tila t io n  observed in  the  experim en ta l su b je c t 
and th e  au th o rs concluded th a t  B tim ulatio ii o f  the  se m ic irc u la r  
canals could n o t be th e  prime cause o f the h y p e rv e n tila tio n  seen 
during  whole^body v ib ra tio n *  As in  p rev ious é tud iés*  the  work 
of Lamb & Tenney (1966) f a i le d  to  dem onstrate a s p e c i f ic  anatom ical 
s i t e  fo r  the  re c e p tio n  o f the  stim ulus to  v e n t i la t io n  during  whole™ 
body v ib ra tio n #  T heir experiments * however, confirm ed the  marked 
h y p e rv e n tila t io n  and hypocapnia found during whole™body v ib ra tio n  
a t  c e r ta in  frequencies and a c c e l e r a t i o n s 1 itu d e s  and the au thors 
suggested  th a t  th i s  v e n t i la to ry  response somehow depended upon the  
whole experience of v ib r a t io n  ap p lied  to  the  body*
Although v ery  l i t t l e  i s  known about the c a u sa tiv e  mechanism, 
th e  s ig n if ic a n c e  of h y p e rv e n tila t io n  during  who1embody v ib ra t io n  
l i e s  in  i t s  e f f e c t  upon performance and in  i t s  p o s s ib le  synergism  
w ith  o th e r  forms of environm ental s t r e s s  in  av ia tio n *  Part of 
the  work re p o r te d  in  th is  t h e s i s , th e re fo re , has been c a rr ie d  o u t 
in  o rd e r to  d e fin e  th e  n a tu re  and magnitude of the  r e s p ir a to ry
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changes which occur w ith  th e  a p p lic a tio n  o f whole™body v ib ra t io n  
and a lso  to  p rov ide a d d i t io n a l in fo rm ation  in  th i s  f i e ld  which m g h t 
c o n tr ib u te  to  th e  s a fe ty ,  conifort and xvellbeing of a irc rew  exposed 
to  low frequency s tru c tu re ^ b o n ie  v ib ra t io n  in  f l i g h t .
(b) M etabolic oxygen consumption
In  the  in tro d u c to ry  ch ap ter a t te n t io n  was drawn to  th e  p au c ity  
of in fo rm ation  concerning m etabolic  oxygen consumption in  the 
su b je c t exposed to  whole™body low frequency v ib r a t io n .  I t  was 
s ta te d  th a t  such knowledge i s  e s s e n t ia l  to  the  d es ig n  o f a i r c r a f t  
and p e rso n a l therm al co n d itio n in g  systems fo r  a irc rew  o p e ra tin g  in  
co n d itio n s of h igh  speed, low le v e l  f l i g h t  through tu rbu lence  xAere 
therm al s t r e s s  i s  a lread y  a problem.
In  e a r ly  in v e s tig a tio n s  in to  the r e s p ir a to ry  e f f e c t s  o f whole™ 
body v ib r a t io n ,  German workers noted th a t  th e re  was an in c re a se  in  
m etabo lic  oxygen consumption which they b e liev e d  was due to  the 
added m uscular e f f o r t  req u ired  to  m ain ta in  p o s tu re  in  th e  face  o f 
the v ib ra to ry  s tim u lu s . The magnitude of the  in c re a se  in  m etabolic  
oxygen consmoption and th e  n a tu re  o f the v ib ra to ry  stim ulus causing  
the  e f f e c t  was n o t, however, c le a r ly  defined  in  th e se  e a r ly  re p o r ts  
(î-lü ller, 1939; GHrmann, 1940 and L oeckle, 1940). In  h is  xmrk 
on the  r e s p ir a to ry  e f f e c ts  o f low frequency whole™body v ib ra t io n , 
E rn s tin g  (1961) measured the m etabolic  oxygen consumption and 
carbon d iox ide  o u tp u t in  th e  su b je c t e^sposed to  v ib ra t io n  fo r  
p erio d s of up to  f iv e  m inu tes. He observed th a t  th e re  was a
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s ig n i f ic a n t  in c re a se  in  m etabo lic  oxygen consumption when the 
fo rc in g  frequency o f v ib r a t io n  was 9.5 Hz and th e  acceleration™  
am plitude was g re a te r  than ^  0 .5  G. The m etabo lic  oxygen uptake 
o f the su b je c t in c reased  from a mean value  o f 0 .346 L(HTP)/mln a t  
r e s t  to  a v a lu e  o f 0*357 L(HTP)/min during  th e  p erio d  o f whole™ 
body v ib r a t io n .  The au tho r suggested th a t  th i s  in c re a se  in  
m etabo lic  oscygen consumption m g h t be due to  the In creased  m uscular 
work reqvtired to  m ain tain  p o stu re  during the  v io le n t  shaking which 
occurred  in  th ese  c ircum stances. A s im ila r  ex p lan a tio n  fo r  an 
in c re a se  in  m etabo lic  oxygen consumption was advanced by D uffner, 
Hamilton & Schmitz (1962) who observed th is  phenomenon during 
exposure of th e i r  su b je c ts  to  whole™body v ib ra t io n  a t  freq u en cies 
o f 2 ™ 7 Hz and a t  two le v e ls  of peak acceleration™ am plitude 
0 .15 and 4 0 .35 G). These workers observed th a t  the g r e a te s t  
in c re a se  in  m etabo lic  ossygen consumption occurred  w ith  v ib ra t io n  
a t  th e  lower freq u en c ies  in  the  range s tu d ie d  and a t  the h ig h e r 
le v e l of I n te n s i ty  (j^ 0 .35 G). They b e liev e d  th a t  the in c re ase  
in  m etabo lic  oxygen consumption occurred  a t  the  lower freq u en cies  
o f v ib ra t io n  r a th e r  than  a t  freq u en cies causing  body resonance 
phenomena s in c e  la rg e  v e r t i c a l  d isp lacem ent of th e  v ib ra t io n  
p la tfo rm  was re q u ire d  a t  low freq u en cies and co n s id e rab le  p h y s ica l 
e x e r tio n  was re q u ire d  on the  p a r t  of th e  s u b je c t  in  o rd er to  
m ain ta in  h is  p o s tu re .
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Gaeumaiig Hoover & Ashe (1962) exposed human s u b je c t  to  whole™ 
body v ib ra t io n  a t  freq u en cies  o f 2 , 6 , 8, 11 and 15 Hz w ith  peak 
accelem tion™ am plitildes o f  "E* 0 .0 5 , 0 .4 6 , i* 0*82. 4- 1.55 and
*  MM-* *  WW# #,#q*
2.88 Q re s p e c tiv e ly .  The d a ta  ob ta ined  in  t h e i r  experiments 
showed th a t  th e re  was a p o s i t iv e  l in e a r  c o r r e la t io n  of m etabo lic  
oscygen co n ju n c tio n  in  th e  su b je c t w ith  re sp e c t to  in c re a s in g  fre™ 
quency o f v ib r a t io n .  In  th e se  s tu d ie s ,  th e  su b je c ts  s a t  on a 
sim ple s e a t  a tta c h e d  to  the v ib ra t in g  p la tfo rm , no form o f body 
r e s t r a i n t  was used and the su b je c t was f re e  to  assume the  most 
com fortab le p o s tu re  du ring  the  v ib r a t io n .  The au th o rs  o ffe re d  
two p o s s ib le  ex p lan a tio n s  fo r  the In creased  m etabo lic  oxygen 
consumption o b ta in ed  a t  the  h ig h er freq u en cies  s tu d ie d . In  the 
f i r s t  case they  agreed w ith  some prev ious workers th a t  the 
xraiscular e f f o r t  involved in  a ttem p tin g  to  m a in ta in  p o stu re  was one 
p o ss ib le  ex p lan a tio n  fo r  the  observed phenomenon. As a second 
ex p lan a tio n , they  o ffe re d  the  p o s s ib i l i t y  th a t  m etabo lic  oxygen 
uptake in c re ase d  as a  r e s u l t  o f v o lu n ta ry  or in v o lu n ta ry  te n s in g  
of muscle masses during  v ib ra t io n  as an a t t e a ^ t  by the  body to  
dampen the  v ib ra t io n  and thereby  reduce tran sm iss io n  to more 
v u ln e rab le  p a rts#  While the  cause of th e  in c re a se d  m etabo lic  
oscygen consumption during  low frequency v ib ra t io n  could n o t be 
explained in  p re c is e  terras, the au thors po in ted  o u t th a t  the 
in c re a se  in  m uscular a c t iv i ty  ( e i th e r  to  m ain ta in  p o s tu re  o r  as 
a p ro te c t iv e  dampening ineasure) was of s u f f i c ie n t  magnitude as to
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be a c o n tr ib u to r  to  f a tig u e  over extended p e rio d s  o f v ib ra t io n .
This o b se rv a tio n  i s  o f s ig n i f ic a n t  p r a c t ic a l  im portance in  the  
f i e ld  of a v ia tio n  where low frequency otructure™ borne v ib ra t io n  
may be encountered  in  the  a i r c r a f t  over long p e r io d s .
Frora the  d a ta  o b ta in ed  in  th e i r  s tu d ie s .  Hood, Murray, U rschel, 
Bowers & C lark  (1966) concluded th a t  an in c re a se  in  m uscular 
a c t iv i ty  was re sp o n s ib le  fo r  the la rg e  in c re a se  (^ 76%) in  the  
m etabo lic  oxygen consumption which they ob ta ined  w ith  supine su b je c ts  
exposed to  whole™body v ib ra t io n  a t  a frequency o f 10 Hz and an 
a c c é lé ra tion™ amplitude o f ^  1 .2  G. Since th e i r  su b je c ts  were 
f u l ly  r e s t r a in e d  and in  a sup ine p o s i t io n , l i t t l e  o r no e f f o r t  
was req u ired  on the  p a r t  of the  su b je c t to  m a in ta in  p o stu re  and 
the  au th o rs  b e liev ed  th a t  r e f le x  muscular c o n tra c tio n  occurred  
during  v ib ra t io n  p o ss ib ly  as a r e s u l t  of s tim u la tio n  of muscle 
s p in d le s , in  v a rio u s  s i tu a t io n s  in  th e  body. In  t h e i r  in v e s tig a tio n s  
they compared the  m etabo lic  oxygen consumption ob ta ined  in  man 
during  essposure to  v ib ra t io n  a t  a frequency o f 10 Hz and an 
aceeleration™ am plitude of 1 .2  G w ith  th a t  o b ta in ed  during  
exposure o f an a n a e s th e tis e d  dog to  v ib ra t io n  a t  a frequency of 
10 Hz and an a c c o le ra tion™ amplitude of + 1*3 G. Xn both  
asîpûriraants th e re  was a la rg e  in c re a se  in  m etabo lic  oxygen con™ 
sumption during  the  p e rio d  o f exposure to  v ib ra t io n  ( in  man, the  
in c re a se  was 76%, and in  the  a n a e s th e tis e d  dog, the in c re a se  was 
83%) * Ihe au th o rs concluded from th is  experim ent th a t  m uscular
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te n s io n  due to  an x ie ty  could be ru le d  ou t as th e  prime cau sa tiv e  
f a c to r  in  th e  in c rease d  m etabo lic  oxygen consummation observed 
during  th e  p e rio d  of v ib ra tio n #
I t  i s  c le a r  from a review  of the  sc a n t l i t e r a t u r e  r e la t in g  to  
the  m etabo lic  oxygen consumption of su b je c ts  exposed to  whole™ 
body low frequency v ib r a t io n ,  th a t  more in fo rm atio n  i s  re q u ired  in  
th is  f ie ld *  In  p a r t ic u la r  a more p re c is e  knowledge of the  
magnitude o f the  in c re a se  in  m etabolic oxygen consumption i s  
re q u ire d  fo r  human su b je c ts  exposed to  v ib ra t io n s  o f v ario u s f r e -  
quenciae and acceleration™ am plitudas• In  a d d i t io n , more information  
i s  re q u ire d  in  o rd e r to  allow  an explanation o f the cause o f the  
in c re a se  in  m etabo lic  a c t iv i ty  which occurs du ring  whole™body 
v ib r a t io n .  P a r t  o f the  work re p o rted  in  th e  th e s is  i s  concerned 
th e re fo re  w ith  measurement of m etabolic  oxygen consumption during  
escposure of the su b je c t to  v ario u s co n d itio n s of experim ental 
low frequency whole™body v ib ra t io n  to g e th e r w ith  an in v e s t ig a t io n  
o f the  p o s s ib le  mechanisms which may be responsib le fo r  the 
phenomenon. The r e s u l t s  o f s tu d ie s  c a r r ie d  o u t in  th is  area  a re  
re p o rte d  in  the  succeeding ch ap ters  o f th i s  th e s i s .
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2 .3  Energy expended by a irc rew  f ly in g  v ario u s types of a i r c r a f t  
I t  has been p o in ted  ou t in  a p rev ious paragraph th a t  exposure 
o f the  human s u b je c t  to  whole body v ib ra tio n  a t  c e r ta in  freq u en cies  
may induce an in c re a se  in  m etabolic  a c t iv i ty .  I t  has a lso  been 
s ta te d  t h a t  whole body s tru c tu re  borne v ib ra t io n  i s  l i a b le  to  be 
encountered in  c e r ta in  types o f fix ed  wing and ro ta ry  wing a i r c r a f t  
during  co n d itio n s  o f f l i g h t  in  which the  occupant o f  the  a i r c r a f t  
may be a lre ad y  exposed to  a heavy work lo ad . 'Biere i s  co n sid e rab le  
i n t e r e s t ,  th e re fo re , in  knowing the m etabo lic  energy expended by 
the p i l o t  a t  the c o n tro ls  of a i r c r a f t  o f th i s  type during  normal 
v ib ra t io n  ™ fre e  f l i g h t .  Although ttie re  i s  much in fo rm ation  
reg ard in g  the energy c o s ts  o f perform ing a wide range of human 
a c t i v i t i e s  (Passmore and D urnin, 1955) very few s tu d ie s  have been 
c a r r ie d  o u t on the energy expended by a irc rew  during  f l i g h t  ™ 
m ainly due to  the te c h n ic a l d i f f i c u l t i e s  imposed by the  accommoda tio n  
of measuring equipment in  the confined space o f an a i r c r a f t  cabin. 
Some o f th e  most d e ta i le d  re p o r ts  on the  energy expanded by a irc rew  
r e l a t e  to  th e  p i lo t in g  of sim ple p ro p e lle r  d riv en  l i g h t  and medium 
w eight a i r c r a f t  (Corey, 1948; L i t t e l l  & Jo y , 1969; B i l l in g s ,
Foley & H uie, 1964), w hile  o th e rs  r e la te  to  the  energy re q u ire d  by 
a irc rew  to  f ly  multi™angiiied heavy w eight a i r c r a f t  in  ro u tin e  
emergency and cotibat s i tu a t io n s  (Lovelace, C arlson  & W ulff, 1944; 
H itchcock; 1950; Kaufman, Ga l l i n  & H a r r is , 1970). In  th e  p re se n t 
c o n tex t, however, the  d a ta  gained from th ese  s tu d ie s  a re o f  lim ite d
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i n t e r e s t  s in c e  they  r e f e r  to  the energy co s ts  o f f ly in g  a i r c r a f t  
in  which in™ fligh t s t r u c tu re  borne v ib ra t io n  i s  u n lik e ly  to  
reach  s u f f i c ie n t  magnitude as to  induce se rio u s  p h y s io lo g ic a l 
d is tu rb an ce  in  the  p i l o t .  There have bean very  few re p o r ts  on 
the  m etabo lic  energy expended by a irc rew  f ly in g  f ix ed  wing a i r c r a f t  
of the  type in  which whole body structure™ borne v ib ra t io n  may be 
encountered and u n t il  re c e n tly  th e re  has been a p a u c ity  of 
in fo rm ation  reg ard in g  the energy requirem ents o f the  p i l o t  f ly in g  
ro ta ry  wing a i r c r a f t .  In  th is  p a r t  o f  the  c h a p te r , th e re fo re , 
the  p rev io u s s tu d ie s  which have been c a rr ie d  o u t on the  energy 
expended by a irc rew  f ly in g  th e se  two ca teg o rie s  o f a i r c r a f t  a re  
reviewed in  tu rn .
High Performance Com bat/Training A irc ra f t
There a re  very  few re p o r ts  in  the  l i t e r a t u r e  r e la t in g  to  the 
energy expended by a irc rew  f ly in g  high performance a i r c r a f t .  In 
an e a r ly  s tu d y , Penrod (1942) rep o rted  v alues o f pulmonary 
v e n t i la t io n  in  p i lo t s  f ly in g  World War I I ,  ÎÏS f ig h te r  type a ir c r a ft .  
Using th ese  lim ite d  data, Kaufman e t  a l (1970) attempted to  es tim a te  
the  energy expended by the aircrew o p era tin g  in  ro u tin e  and in  
combat f l i g h t .  In  th e i r  a n a ly s is , a nuwiber of assum ptions were 
made in  the c a lc u la tio n s  of energy expended, w ith  reg a rd  to the 
b read ing  p a t te rn s  of the  a irc re w , the mean body su rfa c e  a re a , the  
c a lo r ic  e q u iv a le n t o f oxygen and re s p ir a to ry  exchange r a t i o .
The r e s u l t  o f  th is  a n a ly s is  shows th a t  a irc rew  o f World War I I
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f ig h te r  type a i r c r a f t  during ro u tin e  f l i g h t  expended l i t t l e  more 
energy than they d id  during  r e s t in g  co n d itio n s  (mean value  estim ated  
fo r  r e s t  and ro u tin e  f l i g h t  ^ 46kcal/m ^hr) * During combat 
s i tu a t io n s ,  however, c e r ta in  complex a t ta c k  o r d efen siv e  a e ro b a tic  
manoeuvres, caused a mean in c re a se  in  energy ex p en d itu re  to  an 
estim a ted  v alue  of 65 kcal/m ^hr.
Recognising th e  d i f f i c u l t y  of apply ing  the conven tional 
techniques of m easuring energy expend itu re  w ith in  the  confined 
space o f a s in g le  s e a t  h igh performance a i r c r a f t ,  T il le r ,  G reider 
& Grabiak (1957) used a s tandard  la b o ra to ry  ope n -c i r c u i t  technique 
to  measure the  m etabo lic  oxygen conatm^tions of aircrew during  a 
v a r ie ty  o f s im u la ted  f l i g h t  co n d itio n s in  a F9F-5 a i r c r a f t  sim ulator*
The study  involved n ine  experienced aircrew fo u r of whom had a c tiv e  
combat experience* M etabolic oxygen consumption of the a irc rew  
su b je c ts  was measured a t  r e s t ,  during sim ula ted  ro u tin e  f l i g h t ,  
during  combat a e ro b a tic  and in  c e r ta in  in™ fligh t emergency s itu a tio n s *  
The r e s u l t s  o f th is  study  showed th a t  ro u tin e  ' f l ig h t '  in  the 
F9F™5 s im u la to r caused a sm all in c re a se  in  the  mean value  of 
energy expended by the  p i l o t  a t  r e s t  (mean r e s t in g  value 5 0  kcal/m ^hr) 
to  a mean value  o f 59 kcal/m ^hr during  the f l i g h t  p ro file*  The 
p h y s ic a l a c t i v i t y  re q u ire d  to  c o r re c t  a sim u la ted  emergency 
s i tu a t io n  caused a fu r th e r  in c re a se  in  energy expen d itu re  (mean 
value during  the emergency phase » 73 kcal/m % r)«  The h ig h e s t 
va lue  of energy e2q>ended by a irc rew  occurred  during  the  sim ulated
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combat a t ta c k /d e fe n s iv e  manoeuvre and reached a mean value  of 
78 k c a l/iA ir#  Although th e re  i s  no in fo rm ation  a v a ila b le  con™ 
corning the  r e la t io n s h ip  beW een the p h y s ica l fo rc es  req u ired  to  
o p e ra te  the  c o n tro ls  of the F9F™5 s im u la to r as coH^ared w ith  the  
a c tu a l a i r c r a f t  c o n tro ls  i t  i s  b e liev ed  th a t  th e  s o p h is t ic a t io n  
o f the  s im u la to r  was such as to  make th ese  r e s u l t s  o f energy 
expend itu re  reaso n ab ly  r e p re s e n ta tiv e  of v a lues expected  fo r  
a irc rew  f ly in g  the a i r c r a f t  i t s e l f  in  v ario u s manoeuvres#
The on ly  study  of the  energy expended by the p i l o t  f ly in g  a 
modern h igh  perform ance a i r c r a f t  i s  th a t  re p o r te d  by Lorentzen 
(1965)# In  h is  in v e s t ig a t io n , f iv e  experienced  p i lo t s  flew  a 
T33 j e t  t r a in in g  a i r c r a f t  in  v ario u s in™ fligh t manoeuvres a t  
a l t i tu d e s  rang ing  from 4,000 to  10,000 ft#  M etabolic oxygen 
consumption was measured using  an 'open c ircu it®  technique w ith  
the  p i l o t  a t  r e s t ,  during  ro u tin e  le v e l f l i g h t  and during  the 
itt™ flight manoeuvres# The a e ro b a tic  manoeuvre used in  th i s  study
was designed to  p lace  a work load upon the  p i l o t  s im ila r  to  th a t  
which would be re q u ire d  during  a combat s i t u a t io n .  The r e s u l t s  
of th i s  s tudy  in d ic a te  th a t  the values o f energy expend itu re  
ob ta in ed  w ith  th e  p i l o t  f ly in g  the T33 j e t  t r a in e r  a ir c r a ft  in  
ro u tin e  f l i g h t  were th e  same as those ob ta ined  w ith  him a t  r e s t  
(mean v a lu e  a t  r e s t  and during  ro u tin e  f l i g h t  » 46 kcal/ra^hr)# 
During short™term in te n s iv e  a e ro b a tic  manoeuvres ( s im ila r  to those 
which would be executed  under co n d itio n s of combat) th e  mean value
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of energy expend itu re  was rep o rted  as 97 kcal/m  hr# This l a t t e r  
v a lue  i s  co n sid erab ly  h ig h e r than the  estim a ted  v a lu es  o f energy 
expend itu re  in  p i lo t s  f ly in g  World War XX f ig h te r  a i r c r a f t  in  
a c tu a l combat c o n d itio n s . 'The v a l id i ty  of the  v a lu es of energy 
expend itu re  of p i lo t s  during  combat a e ro b a tic s  in  L o re titzen 's  study 
i s ,  however, h ig h ly  d o u b tfu l s in ce  measurements were ob ta ined  only 
over a v ery  s h o r t  p e rio d  o f  a c t iv i ty ,  the  i n - f l i g h t  manoeuvre was 
n o t rep ea ted  in  e x a c tly  the same manner on each occasion  and con™ 
s id e r h l le  d i f f i c u l t y  was experienced in  o b ta in in g  accu ra te  measure™ 
ments o f pulmonary v e n t i la t io n  due to  outboard leak s from the 
o ro n asa l facemask#
The mean v a lu es  o f energy expend itu re  re p o r te d  by v ario u s 
au tho rs fo r  aircrew f ly in g  high perform ance a i r c r a f t  during a 
v a r ie ty  of i n - f l i g h t  co n d itio n s  a re  summarised in  Table 2 ,1 ,
Table 2 .1  Mean values and range of energy expended by aircrew
high perforBiance co m b a t/tra in in g  a i r c r a f t
Source Type of A irc ra f t
iWtyyr
Number
of
Bubj e c ts
Mean values and range of energy
expended by a irc rew  (kcal/m^dir) 
during  
R outine Emergency o r 
Rest f l i g h t  combat f l i g h t
Penrod
(1942)
World 
War II
f ig h te r
8 46* 46* 65*
T ille r
e t  a l  
(1967)
(s im u la to r)
9 50 59 78 
(47-53) (50-62) (74-84)
Lorentz en 
(1965)
T-33 j e t
t r a in e r
5 46 51 97 
(36-51) (45-58) (84-122)
Values e s tim a ted  by Kaufman e t  a l  (1970) from d a ta  
o r ig in a l ly  re p o rte d  as pulmonary v e n ti la t io n *
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R otary Wing A irc ra f t
L i t t e l l  & Joy (1969) measured the  energy expended by tw elve 
experienced  p i lo t s  f ly in g  th re e  types o f US Army h e l ic o p te r s .
The a ir c r a ft  used in  th i s  s tudy  co n s is ted  of a s in g le  r o to r ,  l i g h t ­
w eight (2,163 lb )  0H-6A h e l ic o p te r ;  a medium w eight (9,500 lb ) 
s in g le  r o to r  u t i l i t y  UH-ID h e l ic o p te r  and a heavy-vzeight (33,000 lb )  
tandem ro to r  CH™47A h e l ic o p te r .  Energy ex p en d itu re  was measured 
w ith  each p i l o t  se a te d  a t  r e s t  and during ro u tin e  f l i g h t  a t  an 
a l t i tu d e  o f 500 f t ,  and in  c lo se  p roxim ity  to  th e  ground ( ta k e -o f f ,  
hovering , e t c . ) .  Although the  th ree  a i r c r a f t  used in  th i s  study 
d if fe re d  g re a t ly  in  m echanical com plexity (rang ing  from the simple 
0H-^ 6A to th e  h ig h ly  complex GE-47A) the au tho rs found no s ig n i f ic a n t  
d if fe re n c e  in  th e  energy expended by th e  p i lo t s  f ly in g  each type 
o f h e l ic o p te r  fo r  each phase o f f l i g h t .  The mean v alues o f energy 
expended by a irc rew  f ly in g  the th ree  a i r c r a f t  in  v a rio u s  s i tu a t io n s  
a re  given in  d e t a i l  in  Table 2 .2 . In g e n e ra l, however, i t  was 
observed th a t  the energy req u ired  to  f ly  th e  a i r c r a f t  c lo se  to  
the ground (hover, ascend) was very  much g re a te r  than th a t  req u ired  
fo r  ro u tin e  f l i g h t  a t  an a l t i tu d e  of 500 f t .  During ro u tin e  f l i g h t  
a t  a l t i t u d e ,  th e  energy expended by airc rew  was n o t increased beyond 
th a t  expended w ith  the  p i l o t  sea ted  a t  r e s t  (mean v alues fo r  th ree  
a i r c r a f t  w ith  p i lo t s  a t  r e s t  and during ro u tin e  f l i g h t  were both  
50 k ca l/m ^ h r) . The energy expended by a irc rew  during  the  ascent 
phase and hovering  c lo se  to  th e  ground was 59 kcal/m ^hr and
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61 kcal/m ^hr r e s p e c tiv e ly . The r e s u l t s  ob ta ined  by L i t t e l l  &
Joy in d ic a te  th a t  hovering  ro ta ry  wing a i r c r a f t  re q u ire s  a h igh  
le v e l of p h y s ic a l a c t iv i ty  on the  p a r t  o f the  p i l o t  to  m ain ta in  
p re c is e  c o n tro l and s t a b i l i t y  of a dynamically u n s ta b le  a i r c r a f t .
B i l l in g s ,  Bason & Gerke (1970) used, an 'open c ircu it®  technique 
to  measure th e  energy expended by the p i l o t  f ly in g  two types of 
h e l ic p te r ,  th e  H il le r  UH-12E and the UH-12EL. The l a t t e r  a i r c r a f t  
d if fe re d  from the  former only in  th a t  i t  had a p i lo t - a s s i s t  
h y d rau lic  boost system  ou the c y c lic  and c o l le c t iv e  p itch  c o n tro ls  
and th e re fo re  presum ably req u ired  le s s  p hysica l e f f o r t  on the p a r t  
o f the  p i l o t  during f l i g h t .  These au thors pointed ou t th a t  in  the 
study  by L i t t e l l  & Joy (1969) the  h e l ic o p te rs  which they had used 
were s o p h is t ic a te d  tu rb in e  powered v eh ic le s  whereas th e re  were 
in  se rv ic e  a number o f the  o ld e r  re c ip ro c a tin g  engine models 
which lacked  many o f th e  co n tro l refinem ents found in  newer a i r c r a f t .  
Using th e  o ld e r  XJ1Î-12E se r ie s  h e lic o p ter s , B il l in g s  e t  a l  (1970) 
measured the energy expended by the p i l o t  f i r s t  a t  r e s t  and then 
during  p r e - f l i g h t  run -up , ta k e -o f f  and ro u tin e  le v e l f l i g h t  w ith  
a subsequent approach and lan d in g . Measurements were rep ea ted  
during  a p e rio d  o f 7 -  9 m inutes o f hovering , manoeuvres c lo se  to  
th e  ground and a lso  during  a p erio d  of 10 minutes during  which the 
a i r c r a f t  was flo im  a t  c ru is in g  speed a t  an a lt itu d e  o f 500 f t .
The r e s u l t s  o f th is  s tudy  show th a t  th e  energy expended by a irc rew  
f ly in g  th e  tifo types o f h e l ic o p te r  (HE-12E and UE-12EL) in  v arious 
s i tu a t io n s  was n o t s ig n i f ic a n t ly  d i f f e r e n t .  B i l l in g s  e t  a l  (1970)
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confirm ed the  find in g  of L i t t e l l  & Joy (1969) th a t  hovering  and 
o p e ra tio n  of the  a i r c r a f t  c lo se  to  the  ground demanded co n sid erab ly  
more p h y s ic a l e f f o r t  and energy expend itu re  on th e  p a r t  of the 
p i l o t  aa compared w ith  th a t  req u ired  fo r  c ru is e  and ro u tin e  f l i g h t  
a t  a l t i t u d e .  The v alues o f energy expended by a irc rew  f ly in g  in  
th e  IÎH-12ÏS s e r ie s  h e l ic o p te rs  were co nsiderab ly  h ig h e r fo r  a l l  
phases of f l i g h t  aa compared w ith  values ob ta ined  by L i t t e l l  & Joy. 
During c ru is e  a t  a l t i tu d e  th e  mean energy expended by the  p ilo t s  
was 73 k e a l/n f tir  and during  hovering  and o p e ra tio n  c lo se  to  the  
ground was 85 kcaX/ra^hr* The au thors concluded th a t  the  h ig h er 
energy c o s t ob ta ined  w ith  th e  UH-12E s e r ie s  a i r c r a f t  in  a l l  phases 
of f l i g h t ;  was p robably  due to  the  lack  o f s o p h is t ic a te d  c o n tro l 
system s ( e .g .  la ck  o f a u to - th r o t t le  and f u l l  c o n tro l b o o s t) .  Ihe 
in v e s t ig a t io n  suggests  th a t  powered c o n tro ls  in  h e l ic o p te rs  do 
spare  the  p i l o t  a  s ig n i f ic a n t  degree o f energy ex p en d itu re .
Kaufman, G a llin  & H arris  (1970) measured the  energy expended 
by a irc rew  f ly in g  a heavy duty (21,000 lb )  tw in gas tu rb in e  engined, 
J-CH3 h e l ic o p te r ;  in  ro u tin e  f l i g h t  and during a sim ula ted  emergency 
p rocedu re . The emergency s i tu a t io n  used in  th i s  study  co n s is te d  
of the  p i l o t  hovering th e  a i r c r a f t  c lo se  to  the ground w ith  a l l  
p i lo t - a s s i s t  dev ices in o p e ra tiv e . I t  was found in  th i s  study  th a t  
c ru is e  f l i g h t  a t  a l t i tu d e  demanded the  l e a s t  energy expend itu re  
on the  p a r t  o f th e  p i l o t  as compared w ith  th e  emergency s i tu a t io n  
(hovering w ith a l l  p i l o t - a s s i s t  systems in o p e ra t iv e ) ,  where the
5 8 .
energy expended by the  p i l o t  in c reased  from a mean v alue  o f 
50 k c a l/n fh r  during  ro u tin e  f l i g h t  to  a mean v a lu e  o f 69.5 keal/ra^hr 
in  th e  emergency.
Mean v alues of the  energy expended by a irc rew  f ly in g  a 
v a r ie ty  o f types o f ro ta ry  wing a i r c r a f t  a re  summarised in  Table 2 .2 .
Although th e re  a re  only a few re p o r ts  r e la t in g  to  the energy 
c o s t o f f ly in g  h igh  perform ance fix ed  wing and ro ta ry  wing a i r c r a f t ,  
th is  p a r t  o f the  review  of the l i t e r a t u r e  in d ic a te s  th a t  the 
t o t a l  f l i g h t  p r o f i l e  of the a i r c r a f t  may he considered  as a nuïïher 
o f d i f f e r e n t  phases ( e .g .  a s c e n t , ro u tin e  f l i g h t ,  emergency 
s i tu a t io n  e t c . ) ,  a l l  of which p lace  d i f f e r in g  demands on the  p i l o t  
in  terms o f p h y s ic a l a c t i v i t y  and energy ex p en d itu re . The re p o r ts  
o f p rev ious au tho rs show th a t  th e  energy re q u ire d  to  f ly  a h igh  
perform ance f ix e d  wing a i r c r a f t  in  normal ro u tin e  f l i g h t  re q u ire s  
l i t t l e  energy in  excess of th a t  expended by th e  p i l o t  sea ted  a t  
r e s t .  During o th e r  i n - f l i g h t  a c t i v i t i e s ,  however, which re q u ire  
more a c tiv e  and p re c is e  c o n tro l o f the  a i r c r a f t  ( e .g .  in strum en t 
approach, land ing  and i n - f l i g h t  manoeuvres), o r  du ring  a c tiv e  
combat f ly in g  more p h y s ic a l e x e rtio n  i s  demanded o f  the p i l o t  and 
h is  energy expend itu re  i s  h ig h . I t  is  a ls o  during  th ese  p eriods 
o f h igh  p h y s ic a l e x e r tio n  th a t  s t ru c tu re  borne v ib ra t io n  may be 
encountered in  the  a i r c r a f t  and th e re  i s  evidence th a t  th is  may 
w ell cause a d d i t io n a l m etabolic  a c t iv i ty  in  th e  p i l o t .  Tiie 
p r a c t ic a l  im portance and th e  magnitude of th is  a d d it io n a l  d is tu rb an ce
59.
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i s  d iscussed  in  a l a t e r  ch ap te r o f th is  th e s is#
The review  has a lso  s Iio t o  th a t  w h ile  h e l ic o p te r  a irc rew  
expend about th e  same energy as p i lo t s  o f f ix e d  x-zing a i r c r a f t  
xfhen f l i g h t  i s  ro u tin e  and a t  an a l t i tu d e  w e ll c le a r  o f ground 
o b s ta c le s , f l i g h t  c lo se  to  the ground (»e*g. h o v erin g , a scen t and 
d escen t) re q u ire s  h igh  p h y sica l a c t iv i ty  on the  p a r t  o f the  p i l o t  
and h is  m etabo lic  energy expend itu re  is  co rrespond ing ly  high#
Since hovering  f l i g h t  c lo se  to  the  ground may under c e r ta in  
co n d itio n s augment the. s t r u c tu re  borne v ib ra t io n  which i s  c o n s ta n tly  
p re se n t in  a i r c r a f t  o f th is  ty p e , the  energy expanded by the p i l o t  
may be very  h igh  indeed# Tlie p r a c t ic a l  s ig n if ic a n c e  o f th is  
d is tu rb a n ce  to  h e l ic o p te r  a irc rew  i s  d iscu ssed  in  a l a t e r  ch ap te r 
o f th i s  th es is#
CMFTER 3
3.1 The v ib ra t io n  g en e ra to r and a s so c ia te d  equipment
3 .2  The experim en ta l b rea th in g  system
3*3 frieasurement o f pulmonary v e n t i la t io n
3*4 Measurement of end™ tidal carbon d iox ide  co n c en tra tio n
3*5 Techniques in  measurement o f gaseous exchange
3*6 Measurement of c a rd ia c  frequency
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CmPTER 3
ExperIm enta l  Me thoda
The experim enta l xmrk d escribed  in  th i s  th e s is  was c a r r ie d  
o u t p r im a r ily  to  in v e s t ig a te  some o f the a f f e c ts  o f lox-z frequency 
s tru c tu re -b o rn e , xdiole-body v ib ra t io n  on the  human r e s p ir a to ry  
system . Xn p a r t ic u la r  Wo areas  o f in v e s t ig a t io n  were undertaken.™  
one r e la t in g  to  the e f f e c ts  o f whole-body v ib r a t io n  on pulmonary 
v e n t i la t io n  and th e  o th e r  r e la t in g  to  th e  e f f e c t s  on m etabolic  
oxygen consum ption. In  th e  course of th e se  experim en ta l s tu d ie s  
a number o f techn iques were employed which were common to  both  
areas  o f s tu d y . In  th is  c h a p te r , the  main experim ental techniques 
used in  the  In v e s tig a tio n s  a re  d escribed  in  d e t a i l .  O ther 
experim enta l methods which were used to  in v e s t ig a te  s p e c if ic  
problems r e la te d  to  the main study  a re  d esc rib ed  in  the  ap p ro p ria te  
ch ap te rs  o f th i s  th e s i s .
3 .1  The
(a) The v ib ra to r
The v ib r a t io n  g en e ra to r used in  th is  in v e s t ig a t io n  ap p lied  
s in u s o id a l v ib ra t io n  to  th e  bu tto ck s o f a  se a ted  su b je c t by means 
of a hard  p la tfo rm  which was o s c i l la te d  in  th e  v e r t i c a l  p lane a t  
freq u en c ies  between 2 Hz and 10 Hz. The e s s e n t ia l  working p a r ts  
o f th i s  v ib ra t io n  r i g  a re  shovm in  diagram  in  f ig u re  3 .1 . The 
v ib ra to r  c o n s is te d  o f a  5 hp e l e c t r i c  motor which drove a crank
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S e a t  with  
restraint harness
Mechanical  
filter springs
A m p l i tu d e  measuring  
dial  g a u g e
Bel t  drives
Variable  speed  
driving motor
Variometer
Vertical guide  
b u s h
Connecting rod
A d ju s ta b l e
crank
0 - 1  Variable  
radius
Used to increase  
the frequency range
F igure  3#1 Diagram showing th e  e s s e n t ia l  working 
p a r ts  o f the  v ib ra t io n  genera to r*
and p is to n  rod connected to  a hard  s te e l  p la tfo rm  upon which was 
mounted the s e a t  used by the experim ental sub jec t*  The frequency 
of v ib ra t io n  ap p lied  to  the  s e a t  of the s u b je c t  was v a r ie d  beW een 
2 Hz and 10 Hz by c o n tro ll in g  the speed o f the e l e c t r i c  motor 
through a v a r ia b le  re s is ta n c e *  F ine adjustm ent o f the frequency 
o f v ib ra t io n  was achieved by means o f a ^ v a r ia to r ' (m anufactured 
by Kopp L td) which was in te rp o sed  between the  d r iv e  s h a f t  o f the 
e l e c t r i c  motor and th e  crank and p is to n  rod to  th e  v ib ra t io n  platform * 
The d isp lacem ent double am plitude o f the  hard  p la tfo rm  could be 
ad ju s ted  between 0  and 5 cm by vary ing  th e  e c c e n t r i c i ty  o f the  rod 
connecting  th e  p la tfo rm  to  the  d riv e  o f the  e l e c t r i c  motor* The 
double aix^litude was measured a f t e r  each ad justm ent had been made 
by means of a  d ia l  gauge which read  to  0 * 0 0 1  in ch .
In  o rd e r to  p rov ide a comparable s i t t i n g  p o s tu re  to  th a t  norm ally 
adopted in  f l i g h t  5 an a i r c r a f t  e je c t  ion** type s e a t  was mounted onto 
the hard  p la tfo rm  o f the  v ib r a to r .  A low -pass m echanical f i l t e r ^  
c o n s is tin g  of a  s e r ie s  o f  ^anti-shock^ mountings g  was in te rp o sed  
between th e  base of the  e je c t io n  s e a t  and th e  h ard  p la tfo rm  o f 
th e  v ib ra to r*  In  th i s  way the  s e a t  p lus the  mounting used by 
the  experim en ta l su b je c t had a  n a tu ra l  frequency o f about 35 Hz.
The v ib ra t io n  s e a t  used in  th e  e x p e rin m ts  was co n s tru c ted  from 
a M artin  Baker Type 4 e je c t io n  s e a t  which had bean salvaged  from 
an a i r c r a f t  a c c id e n t b u t which had re m in e d  s t r u c tu r a l ly  in ta c t*
This type of e je c t io n  s e a t  i s  commonly employed in  m il i ta ry
6 4 .
a i r c r a f t  to  allow  the  occupant to  escape from the  aerop lane  in  an 
emergency* I t  i s  a r ig id ly  co n s tru c ted  s e a t  which i s  fo rc ib ly  
e je c te d  from the  a i r c r a f t  by a b a l l i s t i c  ex p lo siv e  charge and 
c o n s is ts  o f a  m etal b u ck e t-ty p e  s e a t  ( s e a t  p^m)  ^ a back support 
(back pan)^ h e a d re s t and s id e s  which g ive l a t e r a l  su p p o rt to  the 
lags ( th ig h  g u ard s). The s e a t  pan norm ally  co n ta in s  a  f ib re g la s e  
’s e a t-p a c k ’ which p rov ides a  s i t t i n g  su rfa ce  fo r  th e  occupant of 
the a i r c r a f t  and in  which i s  con tained  a nmibar o f  item s req u ired  
fo r  purposes of su rv iv a l a t  sea  o r on land  a f t e r  th e  occupant has 
escaped from the  a i r c r a f t .  The back pan o f th e  s e a t  co n ta in s  a 
packed p arachu te  which under normal circum stances o f f l i g h t  g ives 
su p p o rt to  the  back o f the  se a te d  occupant.
In  o rd e r to  l ig h te n  the  w eight load ing  on the  v ib ra t io n  
g e n e ra to r3 a number o f s tru c tu re s  was reimved from the  s e a t  b e fo re  
i t  was mounted on the v ib ra t io n  p la tfo rm . In  th e  main, th ese  
su p erfluous s t r u c tu re s  were a s so c ia te d  w ith  b a l l i s t i c  e je c t io n  of 
th e  se a t  from th e  a i r c r a f t  and th e i r  removal in  no way in te r f e r e d  
w ith  the s i t t i n g  p o s tu re  adopted by the s u b je c t .  Tlie m odified 
s e a t  was n ex t mounted on to  th e  v ib ra t io n  g en e ra to r  by means o f 
fo u r s t e e l  clamps which secured  the  base o f  s e a t  to  the p la tfo rm  
of th e  v ib r a to r .  A f o o t r e s t  was co n s tru c ted  from  sh e e t s t e e l  
and a tta c h e d  by b o l ts  to  the fort^rard th ig h  guards o f th e  e je c t io n  
s e a t .  In  th is  way, the  experim ental s u b je c t  se a te d  in  the e je c t io n  
s e a t  on the  v ib r a to r  could p o s it io n  h is  f e e t  and leg s  in  a  p o s it io n
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s im ila r  to  th a t  adopted in  an a i r c r a f t  during  f l i g h t .  The fo o t­
r e s t  vms provided w ith  an a d ju s ta b le  rake which could be ra is e d  
and lowered to  s u i t  v a r ia t io n s  o f leg  len g th  in  th e  experim ental 
s u b je c ts . The item s con ta ined  in  the  f ib re g la s s  s e a t  pack were 
removed ( e .g .  in f l a t a b le  l i f e r a f tp  su rv iv a l r a t io n s  » e tc )*  the  
s h e l l  o f the c o n ta in e r  was stren g th en ed  using  b locks of wood and 
i t  was then  rep laced  in  p o s i t io n  in  the  bucket o f  the  m etal s e a t  
pan o f th e  m odified e je c t io n  s e a t .  This f ib re g la s s  co n ta in e r 
provided the  s i t t i n g  su rfa c e  fo r  the  occupant o f th e  v ib ra t io n  s e a t .  
The packed parach u te  was re ta in e d  in  th e  back pan of the  e je c t io n  
s e a t  and th i s  served  to  p rov ide back support fo r  the  se a ted  s u b je c t .  
The photographs in  f ig u re s  3 .2  and 3 .3  show th e  e s s e n t ia l  fe a tu re s  
o f the m odified e je c t io n  s e a t  mounted on th e  v ib r a t io n  g en e ra to r 
as w e ll as th e  s i t t i n g  p o s tu re  adopted by the s u b je c t during  the  
esqparimental p roced u res .
(b) Harness r e s t r a i n t  system
In  a number o f experim ents, the  r e s p ir a to ry  e f f e c ts  o f whole- 
body v ib ra t io n  were s tu d ie d  w ith  the  experim enta l su b je c t s i t t i n g  
f u l ly  r e s t r a in e d  by a harness system  in co rp o ra ted  in  th e  s e a t .
The r e s u l t s  o b ta in ed  in  th is  way were compared w ith  those  ob ta ined  
when the  s u b je c t  was com pletely  u n re s tra in e d  in  th e  s e a t .  For 
the  purposes o f th is  experim ent a combined p arach u te  and r e s t r a i n t  
h arness system  was in co rp o ra ted  in  the  modified e je c t io n  s e a t  
mounted on tlie y ib r a to r .  The system  used in  th i s  in v e s t ig a t io n
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Parachute pack.
Back pan o f sea t
Seat pack held in  
the sea t pan
Thigh guard
Mechanical f i l t e r
Hard p laten  o f the 
vib rator
Footrest
Figure 5. 2 Features o f the modified e je c tio n  sea t mounted on 
the v ibrator
67,
Figure 5. 3 Front view o f the v ibrator r ig  used in  
the experim ents.
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was ty p ic a l  o f the  type of harness r e s t r a i n t  system  used in  c u rre n t 
h igh perform ance a i r c r a f t  and i t s  e f f ic a c y  in  p ro v id in g  sound 
r e s t r a i n t  of the  su b je c t in  an a i r c r a f t  s e a t  a g a in s t  fo rces  o f 
a c c e le ra tio n  and d e c e le ra tio n  in  v arious axes i s  w ell known and 
thoroughly  te s te d  (Reader -  p e rso n a l com m unication).
The main fe a tu re s  o f th e  harness system  used in  th i s  study  
a re  shown in  diagrara form in  f ig u re  3*4, I t  c o n s is te d  of Wo 
nylon webbing sho u ld er s tra p s  a tmo lap  s tra p s  and a s in g le  ’ t i e -  
d o m ’ strap . This l a t t e r  * tie-dow n ' s t r a p  (see  f ig u re  3*4) i s  a 
fe a tu re  o f modern harness r e s t r a i n t  systems and se rv es  to  r e s i s t  
any upward p u l l  o f th e  shou lder s tra p s  during  th e  ^ p l i c a t io n  of 
n eg a tiv e  a c c e le ra tio n  and thereby  p rev en ts  the  su b je c t from r i s in g  
up o f f  th e  sea t and a lso  p rev en ts  th e  lap  s tr a p s  from being  d isp laced  
in to  th e  abdomen of the subject® Each h arn ess  r e s t r a i n t  s tr a p  
was prov ided  w ith  a ten s io n in g  buckle which allow ed ad justm ent of 
the system  to  p rov ide sound r e s t r a i n t  in  th e  s e a t .  Each s tr a p  
te rm inated  in  a m etal lug  which was in s e r te d  in to  the  a p p ro p ria te  
p a r t  o f a s in g le  p o in t attachm ent and re le a s e  f i t t i n g .  The harness 
system  was a d ju s te d  in  each case  so th a t  th i s  f i t t i n g  re s te d  
com fortably on the  su rfa c e  o f the abdomen o f the  se a ted  su b je c t 
(see f ig u re  3*4),
(c) Measurement o f v e r t i c a l  a c c e le ra tio n  of the v ib ra t io n
In  one s e r ie s  of experim ents the  t o t a l  d isp lacem ent am plitude 
of th e  v ib ra t io n  was h e ld  co n s tan t a t  0,625 cm (0,25 in )  over a
b?,
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Figure 3 . 4 Featiires o f  the harness r e s tr a in t  system*
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frequency range 2 to  10 Hs which was explored  in  frequency s te p s  
o f 2 Hs5. In  the  o th e r  esqjerlm ental s e r ie s  the  d isp lacem ent 
am plitude of v ib ra t io n  was ad ju s te d  betv?een each v ib r a t io n  exposure 
In  such a way as to  m ain ta in  an a c c e le ra tio n  of 0*4 G a t  the  
s e a t  over the  same frequency range. In  each ease  the  v e r t i c a l  
a c c e le ra tio n  of the  s e a t  during  each experim enta l run  was f i r s t  
c a lc u la te d  and then measured using  a v a r ia b le  r e s is ta n c e  ac c e le ro ­
m eter in  co n ju n ctio n  w ith  a  c a r r i e r  a m p lif ie r  and re c o rd e r .
Ihe c a lc u la te d  v alue  o f v e r t i c a l  a c c e le ra t io n  was ob ta ined  
using  the  fo llow ing  eq u a tio n s-
^ 2 •Ç /L
V e r t ic a l  a c c e le ra tio n  (G) ^
where A half-w ave am plitude (inch) 
f  K! frequency o f v ib ra t io n  (Hz) 
and 386 i s  th e  In te rn a t io n a l  S tandard A c c e le ra tio n  (inch-pound- 
second sc a le )
In  each experim enta l se ss io n  the  v e r t i c a l  a c c e le ra t io n  of 
th e  v ib ra t in g  s e a t  was recorded  and d isp lay ed  co n tin u o u sly  through­
ou t each p erio d  o f v ib ra t io n . For th is  purposej a Statham v a r ia b le  
re s is ta n c e  acce lerom eter (range 2  10 G) was mounted on the  under™ 
su rfa c e  of th e  seat; pack in  the  v ib ra tin g  sea t*  In  th is  way the 
a c c e le ra tio n  d a ta  was reco rded  as c lo se  as p o s s ib le  to  the  bu tto ck s 
of th e  se a te d  s u b je c t .  Ihe ou tp u t s ig n a l from th e  acce lerom eter 
was f i r s t  am p lified  u sing  an ap p ro p ria te  a m p lif ie r  and then
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d isp lay ed  on one channel o f a Devices pen re c o rd e r . C a lib ra tio n  
of th is  acce lerom eter was c a r r ie d  ou t b e fo re  and a f t e r  each 
experim ental s e s s io n  by reco rd in g  the  ou tp u t s ig n a l from the 
tran sd u cer f i r s t  w ith  i t  in  th e  h o r iz o n ta l plane@ then  in  th e  
u p r ig h t v e r t i c a l  p lan e  and f in a l ly  in  th e  in v e r te d  p la n e . In  
th is  manner, c a l ib r a t io n  reco rd in g s o f zero  a c c e le ra tio n ^  + 1 G 
and -  1 G a c c e le ra tio n s  were o b ta in ed ,
(d) Harmonic an alysis of the  ap p lied  s in u so id a l v ib ra t io n
’Hie p u r i ty  o f  the s in u s o id a l waveform as measured a t  th e  
b u tto ck s o f th e  su b je c t se a ted  in  the  v ib ra t in g  s e a t  was analysed 
u sing  a D ig i ta l  T ran sfer Function  A nalyser, Type JM 1600 in  con­
ju n c tio n  w ith  a M echanical R eference Synchroniser^ Type 1606 
(both m anufactured by S o la r tro n  E le c tro n ic  Group L td) • With th is  
in s tru m e n t, th e  s in u s o id a lly  vary ing  in p u t s ig n a l measured a t  th e  
v ib ra t io n  s e a t  was compared w ith  a genera ted  re fe re n c e  s ig n a l 
w ith  re s p e c t to  r e l a t i v e  am plitude (d isp lay ed  as ro o t mean squared 
v o ltag e ) and phase an g le . By s e le c t in g  the  a p p ro p r ia te  band-pass 
f i l t e r ,  the  am plitude and phase angle d if fe re n c e  between the t e s t  
and re fe re n c e  s in u so id a l s ig n a ls  were measured fo r  the  fundam ental 
frequency and f o r  harmonic freq u en cies  up to  and in c lu d in g  the 
loth harm onic. In  th i s  way a spectrum  a n a ly s is  o f th e  t e s t  wave­
form was c a r r ie d  o u t and th i s  was expressed  fo r  each harmonic 
frequency component as a percen tage value o f the  fundam ental frequency .
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The re fe re n c e  s ig n a l used in  th is  a n a ly s is  was ob ta in ed  by 
a tta c h in g  a th in  s t r i p  o f m etal to  the s h a f t  o f th e  motor d riv e  
to the  e c c e n tr ic  o f the v ib ra t io n  g e n e ra to r . With each rev o lu tio n  
of th e  d r iv e  s h a f t ,  the  r o ta t in g  m etal s t r i p  in te r ru p te d  a l i g h t  
beam which was focussed  onto a p h o to e le c tr ic  c e l l .  The in t e r ­
m it te n t s ig n a l thus ob ta ined  was f i r s t  s u i ta b ly  am p lified  and then 
fed a t  an a p p ro p ria te  le v e l of v o ltag e  in to  the  M echanical Reference 
S ynchron iser. The s ig n a l to  be measured was d>tained by means o f 
the Statham  v a r ia b le  r e s is ta n c e  accelerom eter mounted in  th e  s e a t  
pack o f the  v ib r a to r  se a t , the  o u tp u t o f which was s u ita b ly  am p lified  
and a lso  fed  in to  the  M echanical Reference S ynch ron iser.
A nalysis was c a r r ie d  o u t o f th e  v ib ra t io n  waveform a t  
freq u en c ies  o f  2 , 4, 6 , 8  and 1 0  Hz and w ith  a t o t a l  d isp lacem ent 
am plitude o f 0.625 cm. During each t e s t  v ib r a t io n ,  a s u b je c t was 
se a ted  f u l ly  r e s t r a in e d  in  the v ib ra t io n  s e a t .  Table 3 .1  summarises 
th e  r e s u l t s  o f th is  a n a ly s is ,  fo r  each frequency o f ap p lied  
v ib r a t io n .  In each ca se , the  harmonic co n ten t (up to  the  10th 
harmonic) i s  expressed  as a percen tage of the  fundam ental frequency. 
I t  may be seen by re fe re n c e  to  Table 3 .1  th a t  throughout th e  range 
of freq u en c ies  used in  the  i t iv e s t ig a tio n  the  d i s to r t io n  o f the 
v ib ra t io n  waveform (measured a t  the b u tto ck s) from i t s  fundam ental 
frequency was r e la t iv e ly  sm all and fo r  the  purposes of th is  study 
could be considered  ac ce p tab le .
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Table 3 .1  HamoEic a n a ly s is  o f the  v ib ra t io n  waveform as 
measured a t  th e  v ib r a to r  s e a t
Harmonic co n ten t o f waveform expressed  as a percen tage
Harmonic o f the fundam ental a t  v ib ra t io n  frequencies o f (H z)s-
2 4 5 8 10
2 nd 0 .53 6.60 2,91 2.41 0 ,99
3rd 0*46 3.31 0.72 4,43 1.02
4th 0,69 0 .36 0.72 0 .24 0 .28
5th 0.92 0 .20 0.72 0.05 0.18
6 th 1*07 0 .83 0 .36 0.41 0 .26
7th 1.15 0.16 0 .72 0.13 0.07
8th 1,46 0 .88 0.36 0 .46 0 .28
9th 1.84 0.46 0.72 0.38 0.26
10th 2.07 1.03 0 .72 0 .36 0 .52
3.2  The experim ental b re a th in g  system
Ab experim en ta l breathixig system  was designed and co n s tru c ted  
in  o rd er to  s tudy  the e f f e c t  o f v ib ra tio n  upon pulmonary v e n t i la t io n  
and gaseous exchange. The s u b je c t b rea th ed  through an open 
c i r c u i t  b re a th in g  system  by means o f a m outlipiece, w h ils t  h is  
n o s t r i l s  ware occluded using  a nose c l i p .  The mouüipiece was 
connected to  a valve box which was f i t t e d  w ith  Ujo l ig h t ly  sp r in g -  
loaded mica d is c  valves* One mica d isc  n o n -re tu rn  v alve  allow ed
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one-way passage of in sp ire d  room a i r  to  th e  s u b je c t 's  r e s p ir a to ry  
t r a c t ,  w h ile  the  o th e r  n o n -re tu rn  valve allow ed exp ired  gas to  
pass through w idebore connecting tubing  to  r e s p ir a to ry  reco rd in g  
and gas c o l le c t io n  a p p a ra tu s , In  a s im ila r  v ib ra t io n  experim ent, 
E rn s tiu g  (1961) found s u i ta b le  n o n -re tu rn  v alves only  a f t e r  con­
s id e ra b le  p re lim in ary  experim entation* He found th a t  conven tiona l 
rubber f la p  valves f a i l e d  to  a c t  as n o n -re tu rn  v a lv es  under c e r ta in  
co n d itio n s o f v ib ra tio n *  In  the p re se n t in v e s t ig a t io n ,  th e re fo re , 
only  m ica-d isc  valves were used throughout the experim en ts• The 
e f f ic ie n c y  of th ese  m ica-d isc  n o n -re tu rn  valves was assessed  a t  
in te rv a ls  through the  in v e s t ig a t io n s ,  by ca rry in g  o u t sim ultaneous 
reco rd in g s o f the flow p a t te r n  in  both  the in s p i ra to ry  and 
ex p ira to ry  hoses during  a l l  the co n d itio n s of v ib ra t io n  used in  
the  study* In  each case the  r e s u l t s  of th e se  checks in d ic a te d  
th a t  the  v alves were fu n c tio n in g  s a t i s f a c to r i l y  even under the 
w o rs t co n d itio n s  of v ib ra tio n *
The v a lv e  box and i t s  mouthpiece were supported  only  by 
h o r iz o n ta l ly  p la ce d , thick-n^aXled, connecting  hoses* These hoses 
were made of nylon re in fo rc e d  rubber w ith  an in te r n a l  d iam eter 
of 3 .0  cm and were secured  a t  each end to  r ig id  m etal pylons 
rnomited on the  p la tfo rm  ad jace n t to  the v ib ra t in g  s e a t  a t  a 
d is ta n c e  o f 1 m etre on e i th e r  s id e  of the valve  box ( f ig u re  3 .3 ) ,  
T liick-w alled, rubber hoses were used in  o rd e r to  e lim in a te  any
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'puîïf>ing® a c tio n  due to  raovemants tra n sm itte d  to  the  hoses from 
the v ib ra t in g  sub jec t*  The absence of any 'pumping® a c tio n  was 
confirmed a t  fre q u e n t in te rv a ls  throughout th e  s tu d y . For th is  
check, the m outhpiece o f the  valve box was blanked o f f  and the 
su b je c t s a t  in  the  v ib ra tin g  seat, ho ld ing  the  b la n k ed -o ff  mouth­
p ie ce  in  h is  mouth and b rea th in g  through h is  n o se . F ib ra tio n s  
were then ap p lied  to the  sea ted  su b je c t a t  a l l  freq u en c ies  and 
acce le ra tio n -am p 1itu d e s  used in  the experim ents, Forward move­
ment o f gas along the  conducting hoses due to  any a c tio n
was d e tec ted  and measured by means of a hea ted  f l e l s c h  flowîüeter 
in s e r te d  in to  the e x p ira to ry  hose . llie  flow s ig n a l thus ob ta ined  
was am p lified  u sing  a s u i ta b le  am p lif ie r  and then converted  by 
e le c t ro n ic  in te g ra t io n  in to  a volume s ig n a l which was d isp layed  
on one channel o f a Devices pen re c o rd e r . Any forw ard movement 
o f gas was a lso  measured by means of a  10 l i t r e  Parkinson Cowan 
dry gas m ater which was in s e r te d  in to  the  e x p ira to ry  conducting 
hose . The r e s u l t s  o f th e se  te s t s  showed th a t  under a l l  the 
co n d itio n s of v ib ra t io n  used in  the p re se n t esqjerim ents, movement 
of gas in  the  conducting h o ses, as a  r e s u l t  o f tra n sm itte d  
'pumping’ a c t io n , was n e g l ig ib le .
R esis tan ce  to  b re a th in g  through th e  c i r c u i t
The r e s is ta n c e  to  b rea th in g  through the  experim en ta l c i r c u i t  
was measured, f i r s t  fo r  th a t  p o r tio n  of the system betzfeen the 
in s p i ra to ry  p o r t  and the  mouthpiece ( in s p ir a to ry  r e s is ta n c e ) ,  and
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then  fo r  the p o r tio n  between the  mouthpiece and the  e x p ira to ry  
p o r t  of the c i r c u i t  (e x p ira to ry  r e s i s ta n c e ) • Included  in  the 
r e s is ta n c e  imposed by the e x p ira to ry  s id e  of the b re a th in g  c i r c u i t  
was the  v e n t i la t io n  volume measuring equipment to g e th e r  w ith  a 
le n g th  o f wide bore conducting h ose . A ir was passed  through the  
in s p ira to ry  and e x p ira to ry  p o r tio n s  of the b re a th in g  c i r c u i t  a t  
knoim flows (up to  100 l i t r e s  (ATPD) and in  s te p s  o f 20 l i t r e s  
(A3]?D) p er m in u te ). Tlie p re ssu re  drop a s so c ia te d  w ith  each flow 
of gas through each p o r tio n  of the c i r c u i t  was measured and the 
r e s u l t s  of th ese  measurements a re  p resen ted  g ra p h ic a lly  in  
f ig u re  3 .5 .
3 .3  Measurement o f Pulmonary V e n tila t io n
In  a number of the expei*iinental s tu d ie s ,  measurements were 
made o f m inute volume v e n t i la t io n ,  t i d a l  volume and r e s p ira to ry  
frequency w ith  the s u b je c t  a t  r e s t ,  during  the p e rio d  o f chosen 
v ib ra t io n  and during  the  subsequent recovery  p e r io d . For t h i s , 
ex p ired  gas from the s u b je c t  was conducted to  a m odified dry gas 
m eter u sin g  f le x ib le  w ide-bore hose . The gas m eter used in  the  
study  (10 l i t r e  'Spirom eter* model m anufactured by P ark inson  & 
Cowan) was m odified in  such a way th a t  a continuous reco rd  of 
exp»ired gas volume could be d isp lay ed  on a pen re c o rd e r . Tb.e 
m o d ifica tio n  to  the  gas m eter co n s is ted  of the a d d itio n  of a 
continuous r o ta t io n  type p re c is io n  p o ten tio m e te r (type B8 A6 8 / 1  
m anufactured by Penny & G ile s  Ltd) the sp in d le  o f which was
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a ttac h ed  in d i r e c t ly  to  the ro ta ry  s h a f t  d r iv in g  the  need le  p o in te r  
on the  volume in d ic a to r  d ia l  of the m eter„ One complete re v o lu tio n  
o f the need le  p o in te r  on the  gas m eter (corresponding  to  the passage 
of 10 l i t r e s  of exp ired  gas) ro ta te d  a c o n tac t w iper arm through 
an angle o f 360^ on the  e l e c t r i c a l  c o i l  w inding o f the po ten tiom eter, 
Tliis caused a v a r ia t io n  in  a s tan d in g  v o lta g e  ap p lied  to  the  
p o ten tio m e te r c o i l  winding which was p ro p o rtio n a l to  the volume o f 
gas which had passed  through ttie gas m eter « The v o ltag e  o u tp u t 
s ig n a l from the p o ten tio m e ter was then fed d i r e c t ly  in to  one 
channel of a Devices pen reco rd er « A bi'cak in  the winding o f the 
p o ten tio m ete r c o i l  between the  angles 357^ and 360° allow ed the 
reco rd in g  pen to  r e tu rn  to  the  b a se - lin e s  zero  p o s i t io n  of the 
tra c e  reco rd  a f t e r  a t o t a l  o f 10 l i t r e s  of gas had passed  through 
the  m e te r•
The accuracy o f the  m odified gas m ater in  m easuring gis volume 
was assessed  by m easuring v alues o f exp ired  gas volume ob ta ined  
w ith  the s u b je c t  a t  r e s t  and during  two le v e ls  o f p h y s ic a l 
a c t iv i ty  and comparing the r e s u l t s  ob ta ined  from the m odified gas 
m eter w ith  those ob ta ined  by c o l le c t io n  of the  same gas volume 
and subsequent measurement using a w ater se a led  (wet) gas m eter.
For th i s  p a r t  o f the  assessm ent^ the s u b je c t  s a t  on a b ic y c le  
ergom eter and b rea th ed  7:00m  a i r  using  a irouthpiece a ttac h ed  to  a 
lig h t-w e ig h t valve box. The n asa l passages were occluded by 
means of a s u i ta b le  nose c l ip .  Expired gas from the  su b je c t was
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conducted by wide bore  sm ootb-walled f le x ib le  tub ing  from the 
e x p ira to ry  p o r t  o f the valve  box to  the i n l e t  p o r t  o f the  reco rd in g  
gas m eter. A fte r  passin g  through the e^cperimental gas m eter, the  
eiq>ired gas was n ex t c o lle c te d  in  a p la s t i c  Douglas bag (volume 
lOOL) and the c o lle c te d  gas volume was l a t e r  measured using  a 
w ater se a le d  gas m eter. Tiie volume o f gas which passed  through 
the  reco rd in g  gas m eter was measured by reco rd in g  the  o u tp u t 
s ig n a l from the p o ten tio m ete r mounted on the  ro ta ry  shaft: of the 
gas m eter need le  p o in te r .  Tills s ig n a l was fed  d i r e c t ly  on to  
one channel of a Devices pen re c o rd e r . In  th is  way a continuous 
reco rd  of ex p ired  gas volume was d isp lay ed  on the  pen re c o rd e r .
The tem peratu re of the  gas e n te r in g  the gas m eter and the tem perature 
of the room a i r  was measured using  m ercu ry -in -g lass  therm om eters. 
Measurement and c o l le c t io n  o f escpired gas volume was c a rr ie d  ou t 
f i r s t  w ith  th e  s u b je c t sea te d  a t  r e s t  and then  during  l ig h t  and 
moderate e x e rc ise  on the  b ic y c le  ergom eter. During each of th e se  
a c t i v i t i e s  9 gas volume measurements and c o l le c t io n s  were c a r r ie d  
ou t over p e rio d s  of th re e  m inu tes. During th e  p e rio d s  o f  
e x e rc ise  the s u b je c t  p ed a lle d  the  b ic y c le  ergom eter a t  a r a te  of 
70 pedal re v o lu tio n s  p e r minute and brake band ten s io n s  o f 1.25 Kg 
and 2.25 Kg fo r  l ig h t  and moderate e x e rc ise  r e s p e c t iv e ly .  The 
e x te rn a l work loads thus ap p lied  were 290 kg m/min and 540 kg m/min 
re s p e c tiv e ly  fo r  the  two le v e ls  of p h y s ic a l a c t i v i t y .  The volumes 
o f ex p ired  gas ob ta in ed  from the  su b je c t during  each p h y sica l
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a c t iv i ty  were measured from tiie reco rd  o b ta in ed  w ith  the  
experim enta l gas volume reco rd in g  system  and th e se  were compared 
w ith  the  volume c o lle c te d  in  the Douglas bag and measured using  
the w ater sea le d  gas m eter. A ll volumes were converted  to  
STPD (S tandard  tem perature and pressure, dry) and BTFS (Body 
tem peratu re and p re ssu re  s a tu ra te d  x^ith w ater v ap o u r) . Tlie 
r e s u l t s  of th i s  comparison o f the tzm methods o f volume measure­
ment a re  shoxm g ra p h ic a lly  in  f ig u re  3 .6  which p lo ts  the r a t io  
o f the  a c tu a l  r e s p ire d  volume (as measured on the  wet gas meter) 
to  th a t  In d ic a te d  by th e  experim ental dry gas reco rd in g  system .
I t  may be seen from th is  f ig u re  th a t  for a to ta l  of 30 es tim a tio n s  
(range o f pulmonary v e n t i la t io n  7 -  46 l i t r e /m in )  the  m odified 
dry gas m eter tended to  underread in  the  lower range o f values 
o f r e s p ire d  volume. For 30 estim ations^  th e  f a c to r  (k) needed to  
c o r re c t  the  volume in d ic a te d  by the reco rd in g  dry  gas m ater to  
the  a c tu a l  re s p ire d  volume (BTFB) was 1.02 T 0 .0 2 5 ,
3.4 Measurement o f e n d - t id a l  carbon d iox ide c o n c en tra tio n
During a number o f experiments in  the  present in v e s t ig a t io n  
th e  instantaneous co n c en tra tio n  of carbon d io x id e  in  th e  gas 
leav in g  the  r e s p ir a to ry  t r a c t  xms recorded with th e  su b je c t a t  
re s tg  du ring  the  p e rio d  of xfhole-body v ib ra t io n  and during  sub­
sequen t reco v ery . For th is  purpose an in f r a - r e d  Carbon Dioxide 
an a ly se r (Beckman Model, LB-1, M edical Gas A nalyser) xms used .
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This carbon d iox ide  an a ly se r o p era tes  on th e  p r in c ip le  th a t  
carbon d iox ide absorbs in f r a - r e d  r a d ia t io n .  'the a n a ly se r 
co n ta in s  Wo p a r a l l e l  sources off in f r a - r e d  r a d ia t io n ,  one of which 
passes through a re fe re n c e  c e l l  and the o th e r  through a sampling 
c e llo  The r a d ia t io n  f a l l s  on a d e te c to r  c e l l  which co n ta in s carbon 
d iox ide under reduced p re ssu re  and which i s  d iv id ed  by a  f le x ib le  
diaphragm which forms one p la te  of a v a r ia b le  cap ac ita n c e . When 
in f r a - r e d  ra d ia t io n  i s  absorbed by carbon d iox ide  in  th e  sampling 
c e l l ,  a  d i f f e r e n t i a l  p re ssu re  i s  c re a te d  in  th e  d e te c to r  c e l l  and 
th is  a l t e r s  the  cap ac itan ce  o f an o s c i l l a t io n  c i r c u i t .  The o u tp u t 
s ig n a l from th is  o s c i l l a to r  i s  r e c t i f i e d  to  g ive  a d i r e c t  v o ltag e  
which i s  then  am p lified  and fed  onto one chatinel o f  a s u i ta b le  pen 
re c o rd e r ,
During th e  experim ents in  th e  p re se n t s tu d y , a  continuous 
sample was taken of the  gas p assin g  through the  mouthpiece used 
by th e  e^ipez’im enta l s u b je c t .  This was drawn through a f in e  bore 
po ly e th y len e  tube by means o f a vacuum pump and d e liv e re d  in to  the 
m easuring head of the carbon d iox ide an a ly se r (which was mounted 
c lo se  to  th e  s u b je c t ) .  The o u tp u t o f the a m p lif ie r  o f  the carbon 
d iox ide a n a ly se r  was d isp lay ed  on one channel o f  an E ste r l i n e -  
Angus pen re c o rd e r . The an a ly se r was c a l ib ra te d  im m ediately 
b efo re  and a f t e r  each experim ental procedure u sing  c a l ib r a t io n  
gases o b ta in ed  from c y lin d e rs  con ta in ing  fo u r d i f f e r e n t  m ixtures 
o f carbon d io x id e  in  a i r ,  the  co n cen tra tio n s  o f  which spanned the
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s c a le  of v a lu es expected during  the eiq^erim ental ru n s . The 
c a l ib r a t io n  gas m ixtures had been p rev io u s ly  analysed  using  a 
Lloyd-Haldane appara tu s and rep ea ted  samples had to  agree to  w ith in  
0.02%. The end t i d a l  carbon d iox ide co n cen tra tio n  was determ ined 
from the  maxiimm am plitude o f the d e f le c tio n  recorded  on the  pen 
reco rd e r during  each e x p ira t io n , and from the  curve co n s tru c ted  
from the  c a l ib r a t io n  d a ta . A ty p ic a l  c a l ib r a t io n  curve fo r  the 
in f r a - r e d  carbon d iox ide  an a ly se r i s  shovm in  f ig u re  3 «7.
The accuracy of the in f ra - r e d  carbon d iox ide  an a ly se r  was 
checked by comparing r e s u l t s  ob ta ined  s im u ltaneously  using  a 
r e s p ir a to ry  mass sp ec tro m ete r, M34 (kïiown to  be ab le  to  measure 
carbon d io x id e  to  w ith in  ^  2% o f f u l l  s c a le  d e f le c t io n ) .  A su b je c t 
was made to  h y p e rv e n ti la te  a f t e r  a p eriod  of r e s t  and a comparison 
was made between the  read ings given by the R e sp ira to ry  Mass 
Spectrom eter and the carbon d ioxide a n a ly se r . Tlie r e s u l t s  o f th is  
comparison a re  given in  Table 3.2  from which i t  can be seen th a t  
the d if fe re n c e s  between the two analyses were random.
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P EN EXCU RS I ON  FROM Z E R O  m m
F igure  3 . 7 T yp ica l c a l ib r a t io n  curve f o r  th e  
in f r a - r e d  carbon d iox ide m eter*
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Table 3o2 Comparison o f the end t i d a l  carbon d iox ide  co n c en tra tio n  
measured w ith  th e  in f ra - r e d  a n a ly se r  and the r e s p ir a to ry  
M&isB Spectrom eter
Carbon d iox ide  co n c en tra tio n  <%) measured by ;
In f r a - re d
a n a ly se r
(1)
Mass
Spectrom eter
(2)
D iffe ren ce  
(1 “ 2)
S .53 5 .50 •I- 0 .03
5.62 5.60 •!• 0 .02
5,41 5.44 0.03
5.80 5.85 '• 0 .03
4o76 4.78 -  0 .02
4 0 34 4.32 ■!■ 0 .02
3.22 3.26 " 0 «04
A fu r th e r  t e s t  was c a rr ie d  ou t in  o rd er to  measure th e  r i s e  
time of the  carbon d iox ide an a ly se r and to  a s se ss  i t s  a b i l i t y  to  
cope w ith  measurements should h y p e rv e n tila t io n  and an increase, in  
r e s p ir a to ry  rate, occur during  any of the  experim en ta l procedures* 
For th is  te s t»  th e  sam pling l in e  from the m easuring head o f the 
an a ly se r was in s e r te d  in to  one limb of a Douglas tap  and a i r  which 
con tained  carbon d io x id e  was fed  in to  ano ther limb of the  ta p .
By opening the tap» the a n a ly se r could be sw itched ra p id ly  from 
sam pling room a i r  to  a i r  co n ta in in g  carbon d io x id e . With th is  
technique i t  was found th a t  the  r i s e  time of th e  a n a ly se r-re c o rd e r  
system  fo r  90% response was le s s  than  0 .2  seconds. This was
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considered  adequate fo r  reco rd in g  e n d - tid a l  carbon d iox ide  con­
c e n tra t io n  a t  a l l  r e s p ir a to ry  frequencies expected in  the 
experim ents *
3.5 Techniques in  measurement o f gaseous exchange
In  a number of esqieriments exp ired  gas was c o lle c te d  from the 
s u b je c t during  a p erio d  o f re s t»  during  the chosen v ib ra t io n  
co n d itio n  and during  subsequent recovery  from v ib r a t io n  exposure.
In  each case the  c o l le c t io n  o f exp ired  gas was made u sing  a p l a s t i c  
Douglas bag (volume 100 L) and Douglas tap connected to  the  
e x p ira to ry  p o r tio n  of the  experim ental b rea th in g  system* A nalysis 
of the  co n ten ts  of th e  bag was c a r r ie d  ou t e i th e r  im m ediately 
a f t e r  c o l le c t io n  o r w ith in  10 m inutes fo llow ing  c o l le c t io n  in  o rder 
to  m inim ise in a c cu rac ie s  due to  gaseous d if fu s io n  through the  
w a ll o f the  p l a s t i c  bag* Tlie con ten ts  were analysed  fo r  oxygen 
and carbon d iox ide  co n cen tra tio n s  and from th e se  d a ta  c a lc u la tio n s  
were made of m etabo lic  oxygen consumption» carbon d iox ide ou tpu t 
and r e s p ir a to ry  exchange ra tio *
The a c tu a l  experim ental procedure involved in  the  c o l le c t io n  
of esqjired gas a t  v a rio u s  tim es during  the  experim en ta l procedure 
w il l  be d e a l t  w ith  in  the ap p ro p ria te  ch ap te r o f th i s  th e s is*
In  th is  section»  however» a b r ie f  d e s c r ip tio n  of th e  technique used 
to  o b ta in  d a ta  n ecessa ry  fo r  the  c a lc u la t io n  of gaseous exchange 
in  the  experim enta l su b je c t w i l l  be given*
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(a) Measurement o f esqplred gas volume
Escpired gas volumes were measured using th e  reco rd in g  gas 
m eter which has been d escrib ed  f u l ly  in  a p rev ious parag raph .
During th e  p e rio d  when c o l le c t io n  of eiq?ired gas fo r  a n a ly s is  was 
c a r r ie d  out» a reco rd  of gas volume passing  through th e  reco rd in g  
gas m eter was ob ta ined  on one. channel of a Devices pen recorder*
The tem peratu re of the  gas e n te r in g  the  i n l e t  p o r t  o f the  gas 
m eter was measured a t  in te rv a ls  of h a l f  a m inute over the  th ree  
minute c o l le c t io n  p erio d  and the  mean tem perature thus ob ta ined  
was used in  the  conversion  o f the measured volume o f gas to  STPD. 
Ambient room tem peratu re was a lso  measured and the  atm ospheric 
p re ssu re  during  th e  experim ental run was ob ta in ed  from a w a ll-  
mounted mercury barom eter *
(b) Measurement of ex p ired  carbon d iox ide c o n c e n tra tio n
A fte r  c o l le c t io n  the  co n ten ts  of each Douglas bag were
analysed  fo r  carbon d iox ide  co n c en tra tio n . The co n ten t of the 
c o l le c t io n  bag was f i r s t  thoroughly  mixed by v igorous and freq u en t 
a g i ta t io n  and a q u a n tity  of gas (about 500 ml) was ex p e lled  under 
p re ssu re  through the  naiq^ling e id e -tu b e  o f th e  Douglas bag in  
o rd er to  purge ou t any re s id u a l gas there in*  P a r t  o f the  con ten ts  
of th e  bag was then ex p e lled  through th e  s id e -a rm  sampling tube» 
through a column of s i l i c a - g e l  drying c ry s ta ls  and subsequen tly  
in to  the  m easuring head o f the  in f ra - r e d  carbon d iox ide an a ly se r.
A d e s c r ip tio n  o f th is  m easuring equipment: and the  perform ance
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ch a rac te ria fc ic s  have been given In  a p rév iens paragraph* The o u t” 
p u t from the  carbon d iox ide an a ly se r was fed  onto one channel of 
an E o te r lin e  Angus pen re c o rd e r* The c o n c en tra tio n  of carbon 
d iox ide  in  th e  c o l le c te d  exp ired  gas sample was ob ta ined  by n o tin g  
the  Diaxiiaum d e f le c t io n  of the pen and by re fe re n c e  to  the  c a l ib r a t io n  
curve fo r  carbon d iox ide p rev io u s ly  constructed*  Tliis procedure 
was re p ea ted  on fo u r occasions*
(g) Measurement of ex p ired  oxygen c o n c en tra tio n
The rem aining co n ten ts  of th e  Douglas bag were analysed  fo r  
exp ired  oxygen concen tra tion*  fo r  th is  purpose a Beckraan model 
E2 oxygen an a ly se r was used* l l i is  an a ly se r o p e ra te s  on the 
p r in c ip le  th a t  oxygen i s  s tro n g ly  param agnetic ( a t t r a c te d  in to  a 
m agnetic f i e ld )  as d i s t i n c t  from most o th e r gases which a re  
d iam agnetic ( re p e lle d  o u t of a m agnetic f i e l d ) * The h e a r t  of the  
m easuring system  i s  a hollow  g la s s  dumbell suspended on a ta u t  
quart#  f ib r e  in  a m agnetic f i e l d .  When no oxygen Is  p resen t^  tlte 
m agnetic fo rc e  e x a c tly  b a lan ces the  torque o f the quart#  f ib re  
and the dumbell rem ains s ta t io n a ry ,  When a gas sample co n ta in in g  
oxygen i s  drawn in to  the  chamber surrounding the dumbel1, the 
m agnetic fo rce  i s  a l te r e d  and the dumbell r o ta te s  -  th e  degree of 
r o ta t io n  being  p ro p o rtio n a l to  the  co n cen tra tio n  o f oyxgen* A 
sm all m irro r a tta c h ed  to  the  dumbell throws a beam o f l i g h t  onto 
a tra n s lu c e n t sc a le  and measurement of oxygen co n c en tra tio n  is  
made by a d ju s tin g  a v o lta g e  (by means o f a p re c is io n  p o ten tio m eter)
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to  r e tu rn  th e  l i g h t  beam to  a c e n tr a l  ’nulX^ p o s i t io n  on the tr a n s ­
lu c e n t scale*  The read in g  o f oxygen c o n c e n tra tio n  i s  taken  
d i r e c t ly  from th e  p o ten tio m e te r d ia l  which has 1000 d iv is io n s .
The oxygen a n a ly se r  was c a l ib ra te d  a t  f re q u e n t in te rv a ls  
th roughout each esq^erimental run using gases from c y lin d e rs  which 
con tained  oxygen in  a i r  in  co n c en tra tio n s  which spanned the  sc a le  
o f v a lues expected  during  the  exj?criment:s * Hie c a l ib r a t io n  gas
m ixtures had been p rev io u s ly  analysed  using  a Lloyd Haldane 
a n a ly s is  apparatus*  To measure the oxygen co n c e n tra tio n  in. the 
sample o f ex p ired  gas ob ta ined  from the  s u b je c t a t  each c o l le c t io n , 
the  co n ten t o f the  Douglas bag was once again  mixed thoroughly  
by a g i ta t io n  and a q u a n tity  o f gas was ex p e lled  through the 
sam pling s id e  tube of the  bag to  purge ou t unwanted r e s id u a l  g as .
The c o n ten t o f the  bag was passed through s i l i c a - g e l  dry ing  c ry s ta ls  
and then  in to  the  oxygen a n a ly se r a t  a r a t e  o f  250 ml/min.
Readings o f oxygen co n c en tra tio n  were taken on th re e  se p a ra te  
occasions fo r  each, c o l le c t io n  sample and th ese  were req u ired  to 
agree  to  w ith in  an oxygen co n c en tra tio n  of 0*02% o f each other*
Â diagram  o f th e  experim ental b re a th in g  system* gas c o l le c t io n  
and m easuring equipment used in  the  study  i s  shown in  f ig u re  3*8*
(d) C a lc u la tio n  of m etabo lic  oxygen consmw)tion
From th e  d a ta  ob ta in ed  by a n a ly s is  o f exp ired  gas from the 
experim enta l s u b je c t  (oxygen and carbon d io x id e  co n c en tra tio n s  and
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by ex c lu sio n  n itro g e n  co n c en tra tio n )  m etabo lic  oxygen consumption 
was c a lc u la te d  using  the  fo llow ing  e q u a tio n s-
VO. (V_ X  P ) -  (VE X  F )
where VO  ^ -  o:cygen uptake per m inute ( L i t r e ,  STPB)
V,j. -  in sp ire d  rainute volume ( L i t r e ,  STJ?D)
VE exp ired  m inute volume ( L i t r e ,  STPD)
F* -  f r a c t io n a l  co n c e n tra tio n  of in s p ire d  02cygen
IL, -  f r a c t io n a l  co n c en tra tio n  of ex p ired  oxygen
°2
In  o rd e r to  o b ta in  v a lu es  fo r  the  in sp ire d  volume of gas (V_) 
re q u ire d  in  th e  c a lc u la t io n  o f m etabolic oxygen consumption, a 
c o r re c t io n  was ap p lied  to  the  measured exp ired  gas volume using  
th e  fo llow ing  eq u a tio n s-
V_ iLL X 2
I
9
where the in s p ire d  m inute volume v e n t i l a t io n  ( L i t r e ,  S*B?D)
«
Vg th e  ex p ired  minute volume v e n t i la t io n  (L i t r e ,  STPB)
th e  f r a c t io n a l  c o n cen tra tio n  o f n itro g e n  in sp ire d  
^2 (assumed fo r  room a i r  79%)
F„ « the f r a c t io n a l  co n c en tra tio n  o f n itro g e n  in  exp ired
ii2 gas (by exc lu sio n )
9 2 ,
(e) Calc u la t io n  o£ carbon d iox ide  o u tp u t
The volurae of carbon d iox ide  produced by th e  experim enta l 
s u b je c t in  one m inute was c a lc u la te d  from the fo rm ulas-
9
Where V„ volume of carbon d iox ide  ex c re ted  in  exp ired
CO2 a i r  in  one loinute (L i t r e ,  STPD)
0
-  the  exp ired  m inute volume v e n t i la t io n  (L i tr e ,  STPD)
f r a c t io n a l  co n c en tra tio n  o f carbon d iox ide  in
GO. , .2 ex p ired  gas
( f)  C a lc u la tio n  of the R e sp ira to ry  Exchange R atio
The R esp ira to ry  Exchange R atio  was c a lc u la te d  from the  fo llow ing  
eq u a tio n s- ^
R esp ira to ry  Exchange R atio  (R) -
GO,,
where -  volume of carbon d iox ide ex c re ted  p er minute
( L i tr e ,  SÏPI
D
V -  m etabo lic  oxygen consumption phr m inute (L i t r e ,  GTP'O) 
2
For convenience, the  equations used in  tlie d e te rm in a tio n  of $
° 2
V^ O :^^d R were en te red  in to  a computer prograirme and the  
c a lc u la tio n s  were c a r r ie d  ou t using  a d i g i t a l  computer*
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3*6 Measurement of c a rd ia c  frequency
In  soma of th e  experim ental v ib ra t io n  exposures, th e  ca rd iac  
frequency of th e  su b je c t was measured u sing  an e le c tro -c a rd io g ra p h  
(ECG)* A fte r  a number of t r i a l s  i t  was found th a t  during  v ib ra t io n  
the most s u i ta b le  F,CG reco rd in g  could be ob ta ined  by using  s e l f -  
adhesive ECG e le c tro d e s  (mmiufactured by Devices L td ) , one e le c tro d e  
mounted on tlie sk in  o v erly in g  the manubrivtm s te r n i  and the  o th e r 
on tlie sh in  su rfa ce  o v e rly in g  the  c a rd ia c  apex* A th i r d  e le c tro d e
af;C:ixed to  tlie sk in  o f the r ig h t  ankle served as an e a r th  le a d ,
Bie ECG s ig n a l thus ob ta ined  was s u ita b ly  am p lified  and d isp lay ed
on one channel o f a Devices pen recorder*
In  one p a r t  of the  in v e s t ig a t io n , the  in s tan ta n eo u s  ca rd iac  
frequency (tim e between su ccessiv e  waves o f th e  EGG) was 
measured du ring  the  t r a n s i t io n  from r e s t  to  v ib ra t io n  exposure.
The equipment fo r  th is  purpose was co n s tru c ted  from a c i r c u i t  
designed by W h ittle  (p erso n a l communication) which measured and 
d isp lay ed  Ï1-R in te rv a l  from the  ECG on a second channel o f  a 
Devices pen recorder*  With th is  ap p a ra tu s , the  o u tp u t s ig n a l 
from the  EGG a m p lif ie r  was fed  in to  a bandpass f i l t e r  which 
f i l t e r e d  components o f the EGG having freq u en c ies  on e i th e r  a id e  
of a frequency band 5 -  15 Ihe f i l t e r e d  EGG s ig n a l was n ex t
fed  in to  the  in p u t o f a le v e l-se ^ a s itiv e  m onostable v ib r a to r  
c i r c u i t  which converted  the  s ig n a l to  a square-w ave o u tp u t when 
the  in p u t s ig n a l exceeded a c e r ta in  p re s e t  th re sh o ld  v a lu e  (th e
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th re sh o ld  v a lu e  was a d ju s te d  so th a t  the c i r c u i t  was tr ig g e re d  only  
by waves o f the  ECG)# The square-x^ave o u tp u t was nex t 
d i f f e r e n t ia te d  e le c t ro n ic a l ly  and the  r e s u l t a n t  s ig n a l  xms used 
to  ground the  in p u t of an in te g ra t io n  c i r c u i t  and then to  s t a r t  
a l in e a r  'ramp* of voltage# In  th is  way the  a r r iv a l  of an 
wave of the  ECG s ta r t e d  the  v o ltag e  ramp and the  succeeding *11* 
wave stopped and r e s e t  the  ramp# Thus the d u ra tio n  o f raiTp v o ltag e  
ou tp u t was p ro p o rtio n a l to  R-R in te rv a l  of the  ECG wave# This 
v o lta g e  raifip o u tp u t s ig n a l \<fiv3 fed d i r e c t ly  on to  a channel of a 
Devices pen reco rd e r and the  E-Il in te rv a l  of th e  ECG was d isp layed  
as a 'p ic k e t  fence* reco rd  -  the h e ig h t of su ccess iv e  excursions 
of the  reco rd in g  pen from the base l in e  in d ic a t in g  the  d u ra tio n  of 
the  R-R in te rv a l#  The m easuring equi%>ment was c a l ib ra te d  using  
a e le c t ro n ic  c i r c u i t  which produced s y n th e tic  \<iavea a t  vario u s 
kiioxm tim e in te rv a ls#
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CHAPTER 4
E xperim ental s tu d ie s  on the e f f e c ts  o f co n stan t  
am plitude v ib ra t io n  on th e  r e s p ir a to ry  system
4#1 In tro d u c tio n
In  th e  preced ing  ch ap ters  i t  was shox-m th a t  th e re  i s  very  
l i t t l e  in fo rm ation  reg ard in g  the  e f f e c ts  o f s tru c tu re -b o rn e  whole- 
body v ib ra t io n  on the  human r e s p ir a to ry  system# In  p a r t i c u la r ,  
a t te n t io n  was drawn to  two areas in  th is  f i e ld  which have con­
s id e ra b le  p r a c t ic a l  im portance in  a v ia tio n  m edicine and in  which 
th e re  i s  a p a u c ity  of knowledge* The f i r s t  of th ese  concerns 
th e  e f f e c t s  o f loxf frequency v ib ra t io n  on pulmonary v e n t i la t io n  and 
gaseous exchange. Tlie second a rea  which has been r e la t iv e ly  
unexplored r e la te s  more s p e c i f ic a l ly  to  the e f f e c t s  o f low frequency 
wholc-body v ib ra t io n  on m etabo lic  oxygen consumption*
In  p rev ious in v e s tig a tio n s  o f the human responses to  low 
frequency whole body v ib i^a tion , research  xzorkers have exposed th e i r  
experim ental su b je c ts  to  co n d itio n s  of v ib ra t io n  in  which the 
r e la t io n s h ip  between the  d isp lacem ent am plitude and frequency v a r ie d  
in  Wo ways# Some in v e s t ig a to r s  have used v ib ra tio n s  in  which 
the am plitude x^as h e ld  co n s tan t and the in te n s i ty  of the v ib ra t io n  
Increased  w ith  an in c re a se  in  frequency* In  o th e r  s tu d ie s  the 
am plitude of the  v ib r a t io n  p la tfo rm  was ad ju sted  in  such a way as 
to  m ain ta in  co n s tan t a c c e le ra tio n  over the  range o f freq u en c ies
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stud ied*  In  o rd e r to  study  a wide range o f freq u en c ies  and 
i n t e n s i t i e s ,  bo th  types o f v ib ra t io n  exposure have been used to  
in v e s t ig a te  the  r e s p ir a to ry  e f f e c ts  o f whole-body v ib r a t io n .  In  
th e  f i r s t  s e r ie s  of e^qjeriments described  in  th i s  c h a p te r , the  
t o t a l  d isp lacem ent am plitude o f v ib ra t io n  was h e ld  co n s tan t a t  
0.635 cm over a frequency range 2 -  10 , and in  a second s e r ie s
of expe3?iifients (d esc rib ed  in  a l a t e r  ch ap ter) , the  am plitude of 
th e  v ib ra t in g  p la tfo rm  x-7as ad ju s ted  to m ain ta in  a co n s tan t a c c e le ra tio n  
of + Oo4 Gz a t  the  s e a t  of the sub ject*
In  the reviax»; of the l i t e r a t u r e  i t  was shown, th a t  a number of 
p rev ious au th o rs have rep o rted  an in c re a se  in  pulmonary v e n t i la t io n  
in  th e  s u b je c t  exposed to  low frequency who1e-body v ib ra tio n *  A 
few prev ious workers have a lso  observed th a t  a t  c e r ta in  frequencies 
and in te n s i t i e s  o f v ib ra t io n  the r e la t iv e  in c re a se  in  pulmonary 
v e n t i la t io n  i s  ou t o f p ro p o rtio n  to  the r e l a t iv e  in c re a se  in  
m etabo lic  oxygen consumption and th a t  in  th e se  circum stances th e re  
i s  a tru e  h y p e rv e n ti la t io n  w ith -a  m easurable hypocapnia. O thers, 
hoxfover, have adduced evidence o f h y p e rv e n tila t io n  during exposure 
o f the  s u b je c t  to  whole body v ib ra tio n  only by in fe re n c e , and 
th e re  i s  coïSiparativcly l i t t l e  known about the  magnitude o f th is  
phenomenon o r the n a tu re  of the  con d itio n s of whole body v ib ra t io n  
which can give r i s e  to  i t .  In  a d d itio n , th e re  have been a v a r ie ty  
of d i f f e r e n t  ex p lan a tio n s  advanced fo r  th e  occurrence o f hyper­
v e n t i la t io n  in  th e  su b je c t ejrposed to  whole body v ib r a t io n .  Many
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of th e se  a rc  u n s a tis f a c to ry  and so the  tru e  n a tu re  o f the  ca u sa tiv e  
fa c to rs  involved  s t i l l  remains obscure*
The experim ents which have been c a r r ie d  o u t in  th is  s e r ie s  
were designed th e re fo re  in  o rd e r to  study  th e  e f f e c t s  o f whole 
body v ib ra t io n  a t  a co n s ta n t d isp lacem ent a îtp litu d e  and v ario u s 
f re q u e n c ie s 5 upon the  pulntonairy v e n tila tio n , in  th e  human sub jec t#  
They were a lso  designed to  e s ta b l i s h  w hether co n d itio n s  of whole 
body v ib ra t io n  o f th is  type could induce h y p e rv e n ti la t io n  and 
hypocapnia in  the  s u b je c t  and a lso  to  e lu c id a te ,  i f  p o s s ib le , the 
mechanism o r mechanisms re sp o n s ib le  fo r  th ese  r e s p ir a to ry  changes.
A second o b je c tiv e  in  the  p re se n t experim ents was to  d e fin e
the m etabo lic  a c t i v i t y  in  the  su b je c t exposed to  whole-body
v ib ra t io n  a t  a co n s tan t d isp lacem ent am plitude and a t  v a rio u s
frequencies*  P revious work in  th is  f i e l d  has shown th a t  under
c e r ta in  co n d itio n s  of whole™body v ib ra t io n  th e re  may be an in c re a se
in  m etabo lic  a c t i v i t y  in  th e  escposad sub jec t*  The magnitude of
such an in c re a se  in  m etabo lic  a c t iv i ty  during  whole-bocly v ib ra tio n  
/
has n o t y e t been s a t i s f a c t o r i l y  defined  and the  n a tu re  o f  the 
v ib ra t io n  stim u lus which induces th is  change i s  s t i l l  obscure .
In  a d d itio n  very  l i t t l e  i s  known about the  mechanisms involved 
in  the  in c re a se d  m etabo lic  oxygen consumption observed in  the 
subject, du ring  whole body v ib ra tio n »  The p re s e n t experim ents were 
designed , th e re fo re ,  to  e s ta b l i s h  th e  m etabo lic  energy expended 
by the  human su b je c t exposed to  whole body v ib ra t io n  a t  a co n s tan t
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d isp lacem ent am plitude and v ario u s freq u en c ies  up to  10 Hz. In  
an a ttem p t to  d e fin e  the ca u sa tiv e  f a c to rs  in  th is  phenomenon, a 
study was c a r r ie d  o u t of the  behaviour of muscle masses in  the 
s u b je c t during  each co n d itio n  of v ib ra t io n  u s in g  a techn ique o f 
h igh  speed c in e  photography* F in a lly ,  a s tudy  was made of the 
m etabo lic  oxygen uptake in  the  su b je c t e^cposed to  v ib ra t io n  w h ils t  
s i t t i n g  in  the  v ib r a to r  s e a t  f u l ly  r e s tr a in e d  by h arn ess  and the 
r e s u l t s  were compared w ith  those ob ta ined  w ith  the  su b je c t s i t t i n g  
in  th e  s e a t  com pletely  u n re s tra in e d  and req u ire d  to  m ain ta in  h is  
p o s tu re  in  the  face  o f the v ib ra tio n *
The r e s u l t s  of bo th  p a r ts  o f th is  experim en ta l study  a re  
g iven in  th i s  ch ap te r o f the  th e s i s ,  to g e th e r  w ith  a d isc u ss io n  of 
the  f in d in g s  in  r e la t io n  to  the p ra c t ic e  o f a v ia t io n  p rev en tiv e  
medicine*
4.2 Methods
Nine experim enta l su b je c ts  in  the age group 23 -  42 years 
took p a r t  in  the  in v e s t ig a t io n * D e ta ils  o f th e i r  h e ig h ts , w eights 
and body su rfa c e  a reas  a re  given in  Table 4#1*
The experim ents were c a rr ie d  ou t vising a m echanical v ib r a to r  
on which was mounted a m odified  a i r c r a f t  typo e je c t io n  s e a t  
f i t t e d  w ith  ap p ro p ria te  p arachu te  and seat packs* D e ta ils  of 
th e  v ib r a to r  r ig  and s e a t  have been given in  th e  Methods s e c tio n  
of th i s  th e s is*  V ib ra tio n s a t  freq u en cies  of 2 , 4, 6, 8 and 
10 Hs were used, in  th is  study and the  t o t a l  d isp lacem ent am plitude
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of the  v ib ra t in g  p la tfo rm  was h e ld  constant a t  0*625 cm. In 
th i s  way the  a c ce le ra tio n -a m p lltu d e  of the  ap p lied  vib ration  
ranged from 0*05 Gz a t  a frequency o f 2 Hz to  ^  1*43 Gz a t  a 
frequency of 10 Hz* The a c c e le ra tio n  of the  v ib r a t io n  was 
measured at the  s e a t  of the su b je c t by means o f a v a r ia b le  re s is ta n c e  
acce lerom eter (range ^  10 G) mounted on th e  under surface o f the  
s e a t  pack o f th e  v ib ra t in g  seat*  The o u tp u t s ig n a l from th is  
acce lerom eter was s u i ta b ly  am p lified  and d isp lay ed  on one channel 
o f a Devices pen recorder*  In th i s  way a continuous reco rd  of 
th e  v ib ra t io n  a c c e le ra tio n  was ob ta ined  throughout the  p erio d  of 
v ib ra t io n  exposure* Each subject experienced whole-'bady v ib ra t io n  
a t  each o f the  frequencies used in  the  study  w h ils t  se a te d  in  the 
v ib ra to r  s e a t  in  e i th e r  o f tx’jo conditions o f r e s t r a in t#  In one 
co n d itio n , the experim ent was c a r r ie d  o u t w ith  th e  su b je c t s i t t i n g  
fu l ly  r e s tr a in e d  by means of an a i r c r a f t  type r e s t r a i n t  harness 
in co rp o ra ted  in  the. v ib ra t in g  seat#  In the second con d ition , the 
experim ent was performed w ith  the su b je c t unrestrained and free to  
adopt w hatever p o stu re  he d e s ire d . The eacposure to  each frequency 
o f v ib ra t io n  and the co n d itio n  of re stra in t were ap p lied  in  a 
random fash io n  and the  su b je c ts  were unaware of the o b je c t  o f the 
experim ent.
Each su bject wore a lig h W e ig h t Royal A ir Force p a t te rn  f ly in g  
c o v e ra ll  and a standard  Mk 2 il4f in te g ra l  p ro te c t iv e  helmet* The 
p ro te c t iv e  helm et was c a re fu l ly  f i t t e d  to  each s u b je c t u sing  a
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Tabla 4*1 H eigh t, w eight and body su rfa ce  a re a  o f th e  n ine 
experim enta l su b je c ts
S ub jec t H eight (cm) Weight (kg) Body su rface  a rea  (m^) *
AM jl%#5 72.5 1.88
OS 173,9 74.1 1.87
AG 175*4 69,4 1,75
W 175.3 72.9 1,88
DC 172.7 71.3 1.84
GH 174,6 66,4 1.77
OP 171,5 67.2 1,79
ED 190,5 74,1 2,02
PF 193,0 80,5 2,18
* Body su rfa c e  a re a  computed from the noitograra of Dubois (1936)
s tan d ard  a irc rew  f i t t i n g  procedure# E lec tro ca rd io g rap h  leads 
were ap p lied  to  the  ch es t and r ig h t  ankle and the su b je c t was 
in s t ru c te d  to  s i t  in  the  e je c t io n  s e a t ,  mounted on the v ib r a to r  
platform # The s u b je c t  s a t  w ith  h is  f e e t  r e s t in g  l ig h t ly  on the  
foofcrest which was a tta c h e d  to  the v ib ra tin g  seat#
The s u b je c t  b rea th ed  through the experim ental b rea th ip g  
c i r c u i t  (p re v io u s ly  d escrib ed  in  the  Methods ch ap te r)  u sing  a 
im uthpieee w h ils t  h is  n o s t r i l s  ware occluded by a s u i ta b le  nose 
c l ip .  The mouthpiece was connected to  a va lve  box which had a
sm all dead space and was f i t t e d  w ith  l ig h t ly  sp rin g -lo ad ed  mica 
d isc  v a lv e s . Expired gas was conducted from the e x p ira to ry  p o r t 
of the  v a lv e  box by means of wide b o re , lo w -re s is tance  tubing 
to  the  reco rd in g  gas m eter and gas c o l le c t io n  equipment# These 
have been d escrib ed  in  d e t a i l  in  a p revious s e c t io n . At each 
ejqperim ental se ss io n  a co n tro l measurement of v e n t i la t io n  volume 
and a c o l le c t io n  o f escpired gas was made over a p e rio d  of th ree  
minutes during  a f iv e  jnixiuta r e s t  p e rio d . During th is  perio d  
h e a r t  r a ta  and end t id a l  carbon d iox ide measurements were a lso  
made, The su b je c t was then  exposed to  the chosen co n d itio n s of 
v ib ra t io n  fo r  a t o t a l  p e rio d  of 10 m inutes during  which measurements 
of pulmonary v e n t i la t io n ?  end t i d a l  carbon d io x id e  co n cen tra tio n  
and ca rd iac  frequency were made continuously* C o lle c tio n  of 
exp ired  gas was made on two occasions during th e  v ib ra tio n s  
exposure. T h e .f i r s t  c o l le c t io n  was made between the second and 
f i f t h  m inutes of v ib ra t io n  and the  o th e r  c o l le c t io n  was made 
between the seventh  and te n th  m inutes of v ib ra tio n #  For con­
venience? the d a ta  ob ta ined  from these  samples w i l l  be describ ed  
h e re a f te r  as those ob ta in ed  a f t e r  f iv e  and ten  m inutes o f v ib ra tio n #  
The v ib ra t io n  exposure was follow ed by a fiv e-m u iu te  recovery 
period  during  which measuremexxts o f pulmonary v e n t i la t io n  and end 
t i d a l  carbon d iox ide co n c en tra tio n  xxere continued and a f in a l  
c o l le c t io n  of exp ired  gas was taken* Pulmonary v e n t i la t io n  and 
r e s p ir a to ry  frequency were c a lc u la te d  from the  reco rd  ob ta ined
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from the  reco rd in g  gas m eter fo r  each minute of th e  c o n tro l ,  
v ib ra t io n  and recovery  p e r io d s . C ardiac frequency  fo r  each minute 
of the  same p erio d  was c a lc u la te d  from the EGG rec o rd in g . The 
m etabo lic  ozeygen uptake? carbon d iox ide o u tp u t and r e s p ir a to ry  
exchange r a t io  were c a lc u la te d  from pulmonary v e n t i la t io n  and the  
erjqjxrecl gas a n a ly se s ,
As an a d d it io n a l experim ent to  th is  s e r ie s ?  a study  was made 
o f the  response o f v a rio u s groups of muscles of th e  body during  
exposure of th e  su b je c t to  v ib ra t io n  a t  freq u en c ies  o f 2 -  10 Hz*
Xn th i s  p a r t  o f th e  study  the  co n d itio n s of v ib ra t io n  exposure and 
the  measurement o f p h y s io lo g ic a l v a r ia b le s  were id e n t ic a l  to  those 
of the  main experim ent. The su b je c t s a t  in  th e  v ib ra t io n  s e a t  
( e i th e r  r e s t r a in e d  by s e a t  harness or u n re s tra in e d )  and he wore 
on ly  a p a i r  o f b a th in g  trunks# A high speed cinem atograph f ilm  
was taken o f v ib ra t io n  runs a t  2? 4? 6? 8 and 10 Hz using  a 
Mil l ik e n  c in e  cainera which operated  a t  a f ilm  speed of 500 frames 
p e r second# The h igh speed cine  f ilm  was taken  f i r s t  w ith  the  
su b je c t a t  r e s t  and then fo r  Wo p eriods (each o f 3 m n u te s  
d u ra tio n ) during  each v ib ra t io n  exposure# A fte r  i t  was developed, 
th e  f ilm  was run a t  slow speed through a c ine  e d i to r  and a frame 
by frame a n a ly s is  was made o f the  movements e x h ib ite d  by v ario u s 
groups o f muscles during v ib ra t io n  exposure a t  each frequency#
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4 .3  R esu lts
(a) A cce le ra tio n -am p litu d e  o f v ib ra t io n
During each o f 90 experim enta l v ib ra t io n  exposures the 
a c c é lé ra tio n -a ïï^ li tu d e  of the  v ib ra t io n  was measured a t  the  s e a t  
u sing  a v a r ia b le  r e s is ta n c e  accelerom eter* Tlie mean values and 
range o f values fo r  ac ce le ra tio n -a m p litu d e  o f v ib ra t io n  thus 
o b ta in ed  during  the  experim ents a re  given in  Table 4 .2 .
Table 4*2 Mean v alues and range o f va lues o f a c c e le ra t io n -  
am plitude o f v ib ra t io n  measured during  each 
experim ental v ib r a t io n run a t  frequencies^  o f 
2, 4, 6, 8 and 10 Hz
Mean value
Range o f 
values
A ccele ra tio n -am p litu d e  of v ib ra t io n  (+ Gz) 
a t  a v ib ra t io n  frequency of (Hz)
0.05
(0*04—
0.06)
0*21
(0*19-
0 .23)
8
0.50
(0*48-
0 .51)
0 .89
(0 .8 7 -
0 .92)
10
1.43
(1 .4 1 -
1.45)
(b) Pulmonary v e n t i la t io n
Mean v alues o f pulmonary v e n t i la t io n  ob ta ined  fo r  each 
minute o f  the  e3q)eriment w ith  the su b je c t a t  r e s t ,  during  exposure 
to  v ib ra t io n  and during  recovery  from the v ib ra t io n  a re  shom  in  
f ig u re s  4 ,1  and 4*2. In  f ig u re  4 .1 , the r e s u l t s  a re  g iven fo r  
co n d itio n s  in  which the  s u b je c t was r e s tr a in e d  and u n re s tra in e d  
In  the  v ib ra t io n  s e a t  during  exposure to  v ib r a t io n  a t  freq u en cies
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of 2 , 4 , and 6 Hz* The r e s u l t s  ob ta ined  w ith  su b je c ts  exposed 
to  v ib ra tio n s  a t  freq u en cies  o f 8 and 10 Hz a re  shown in  f ig u re  
4*2. I t  may be seen from f ig u re  4 .1  th a t  w ith  exposure to 
v ib ra t io n  a t  freq u en c ies  o f 2 Hs and 4 Hz th e re  was no marked 
a l t e r a t i o n  in  values o f pulmonary v e n t i la t io n  over those ob ta ined  
during  the p e rio d  o f r e s t  p r io r  to  v ib ra t io n  exposure . With 
v ib ra tio n s  a t  a frequency o f 6 Hz? however? th e re  was an in c re a se  
in  the  mean values of pulim nary v e n t i la t io n  o b ta in ed  during the  
v ib ra t io n  p e r io d . This in c re a se  in  pulmonary v e n t i la t io n  occurred  
w ith in  the f i r s t  m inute o f exposure? was g r e a te s t  a t  the beginning 
of the v ib ra t io n  p erio d  and g rad u a lly  d ec lin ed  although the 
v ib ra t io n  was m ain ta ined . D ire c t ly  v ib ra t io n  a t  a frequency of 
6 Hz was stopped? the pulmonary v e n t i la t io n  f e l l  below the  c o n tro l 
le v e l .  I t  may be seen by re fe ren ce  to  f ig u re  4 .2  th a t  w ith  
G3q)osure to  v ib ra tio n s  a t  a frequency o f 8 Hz th e re  was a marked 
in c re a se  in  mean v alues o f pulmonary v e n t i la t io n  ob ta in ed  during  the 
v ib ra t io n  p e rio d  and th a t  the g r e a te s t  in c re a se  was o b ta in ed  w ith  
exposure to  v ib ra t io n  a t  a frequency o f 10 Hz. At bo th  th ese  
frequencies?  the in c re a se  in  pulmonary v e n t i la t io n  was rap id  a f t e r  
the  o n se t o f the  v ib ra tio n ?  was g r e a te s t  a t  the  s t a r t  o f the 
v ib ra t io n  p e rio d  and g rad u a lly  dec lined  towards the end o f the 
p e rio d  o f exposure . In  bo th  co n d itio n s  o f v ib r a t io n  the pulmonary 
v e n t i la t io n  f e l l  below r e s t in g  values as soon as the  v ib ra t io n  was 
te rm in a ted .
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The mean values of pulmonary ventilation for all the subjects
are shovm in Table 4.3 for the period of rest, after 5 minutes
and 10 minutes of exposure to vibration (frequencies range 2 - 10 Hx)
and during subsequent recovery. The values obtained with the
subject restrained in the vibration seat are shown together with
those obtained when the subject was unrestrained in the seat*
Table 4.3 Mean values of pulmonary ventilation at rest, during 
Vibration exposure and recovery from vibration.
Nine subjects exposed to vibration (range of frequency 
2 - 1 0  Hz) in restrained and unrestrained conditions
frequency of 
vibration (Hz)
Pulmonary ventilation (L/mln BTPS) duringÎ
Rest After 5 min vibration
After 10 min 
vibration Recovery
1H>:STRAXNEB
2 8.74 8.51 7.87 8.27
4 8.21 8.68 8.20 7.62
6 8.74 11.64 10.80 7.37
a 0.55 13.51 14.53 7.62
10 8.60 16.36 15.40 7.95
HNRHSTRAINED
2 8.59 8.64 8.12 7.94
4 8.40 9.14 8,25 7.13
6 8.64 11.41 9.81 7.85
8 9.49 14.60 13.93 7.94
10 8.53 14.56 13,15 7.21
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The results obtained for pulmonary ventilation during the 
series of experiments were treated using an Analysis of Variance 
techniques The results of this analysis have shown that there 
was no significant difference between the values of minute volume 
ventilation obtained with the subject restrained and unrestrained 
in the vibrating seat* It has also shown that with vibration at 
frequencies of 2 and 4 Hs the pulmonary ventilation was not 
significantly increased beyond that obtained during the resting
control period* At frequencies of 6, 8 and 10 Hz, however, the
values of pulmonary ventilation obtained during the vibration 
period were significantly increased (P o.OOl) over those values 
obtained with the subject at rest* Furthermore, analysis has 
revealed that at these frequencies the increase in pulmonary 
ventilation after 5 minutes exposure to vibration was significantly 
greater than that obtained after 10 td.nutes exposure (F « 0*01).
In these exposures in which the ventilation was greatly increased 
(at frequencies of 6, 8 and 10 Hz) during vibration, the values 
obtained in the recovery period were significantly reduced below 
the control resting level (F 0*001), Tlie mean values of
pulmonary ventilation with subjects at rest, during exposure to
vibration at frequencies of 2 - 1 0  Hz and during recovery are shovm 
graphically in figure 4.3. In the data used to construct this 
figure, the values obtained with subjects restrained and unrestrained 
in the vibrating seat have been pooled.
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(c) Respiratory frequency
■ —^«1 —rwa n iHm «««m «i « ■■! > ■wT w imiwh — im —  ^i^ .aiw  — w i*w—Viw.
Mean values of respiratory frequency obtained with the subject
at restp after 5 minutes and 10 minutes exposure to vibration
(frequencies 2 - 10 Hs) and during recovery are shorn in Table 4.4.
In this table the results are given for the conditions in which the
subject was restrained and unrestrained in the vibrating seat.
Table 4.4 Mean values of respiratory frequency with subject at 
rest* during vibration esjposure (frequency range 
2 ~ 10 lis) and during recovery. Mine subjects,
restrained and unrestrained in the vibrating seat
Frequency of 
vibration (Hz)
Frequei
Rest
acy of respiration (Breaths/mr
After 5 min After 10 min 
vibration vibration
i) during: 
Recovery
RESTRAINED
2 12.4 12.9 11.1 12.8
4 12.5 12.4 11.4 11.6
6 12.1 13.8 12.4 11.9
8 13.2 15.7 15.6 12.1
10 13.2 17.9 15.3 12.5
ÜNRFSTRAINBD
2 11.9 11.4 10.3 10.9
4 12.3 11.6 10.6 10.6
6 11.9 15.2 12.7 11.7
8 12.7 17.0 14.7 13.2
10 14.0 18.7 16.3 12.5
I l l
Aiï-alyoiB of the d a ta  has cVhown th a t  s ig n if le a n t:  changes in  
tmpixBZoxy frcquancy oecurred  during  the  p eriod  of v ib ra t io n  a t  
freq u en c ies  of 6, 8 and IQ llz b u t not a t  frequaueiciia o f 2 and 4 Hs. 
Thus* i t  has bean shown th a t  w ith  v ib ra tlo n a  a t  fraqiiaucioo o f 
2 ami 4 lia th e re  vras no change in  r e s p ir a to ry  frequency above 
thooo v a lu es ob ta ined  during tlm p erio d  o f re s t*  With v ib ra tio n s  
a t  freq u en c ies  of 6* 8 and 10 Hs th e re  was a marked Increaaa  in  
VùBpiî^atory frequency during; tha period  oi  v ib ra tio n *  These 
valu&ü d i f f e r e d  a ig t i i f le a n t ly  from the v a lu es  ob ta ined  during  the  
p erio d  o f r e s t  (F «« 0*001). Fux'tlserraore^ i t  fum been ohown th a t  
t)ie in c re a se  In r e s p ir a to ry  r a t e  a t  those frequoricicB of v ib ra t io n  
was g r e a te s t  a f t e r  $ m inutee v ib ra t io n  e;N;posurQ■ and d ec lin ed  
tewarda r e s t in g  va'iueo aftax ' 10 m inutes o f v ib ra t io n  exposure*
There was no s ig n i f i c a n t  d if fe re n c e  between v a lu es  o f r e s p ir a to ry  
r a te  ob ta ined  during  the  recovery  p eriod  from thoae v alues ob ta ined  
w ith  the  su b je c t a t  r e a t .  With a l l  co n d itio n s  o f v ib ra tio n  
exposure; th e re  were no s ig n i f ic a n t  d if fe re n c e s  between th e  values 
of r e s p ir a to ry  r a ta  ob ta ined  w ith the  su b je c t r e s tr a in e d  and 
im rcB trained  in  the v ib ra t in g  s c a t .  The mean valitos fo r  
r e s p ir a to ry  frequency with, the  au h jea t a t  re n ts  du ring  v ib ra tio n  
exposure and during  rocovary from v ib ra t io n  e re  shown g ra p h ic a lly  
in  f ig u re  4*4, Xu eon struct t in g  th is  graphs th e  v alues of 
r e s p ir a to ry  frequency in  th e  two co n d itio n s  o f aho exporlmunl:
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(subject restrained and unrestrained in the vibration seat) have 
been pooled•
(d) Tidal volume
îiean values of respiratory tidal volume obtained with the 
subject at re8t@ after 5 minutes and 10 minutes exposure to 
vibration at frequencies from 2 - 10 11%, and during subsequent 
recovery from the vibration* are shown in Table 4,5, In this 
table the results obtained with the subject restrained in the 
vibrating seat are given together with those obtained with the 
subject unrestrained in the vibrating seat.
Analysis of the data has shown that the values for tidal 
volume obtained in all conditions of the experiment were not 
significantly different for the conditions in which the subject 
was restrained or unrestrained in the vibration seat. It has 
also shoxm that at frequencies of 2* 4 and 6 Hs there was no 
significant change in tidal volume during the vibration period 
from that obtained with the subject at rest. At frequencies 
of 8 and 10 however * there was a marked increase in values 
of tidal volume during the vibration period and these were 
significantly greater than those obtained during the period of 
rest (P ^ 0.001). Unlike the changes in respiratory frequency, 
analysis has shovm that the increases in tidal volume during 
periods of vibration at frequencies of 6* 8 and 10 Uz were 
sustained throughout the period of vibration and no significant
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Figure 4o 4 Mean values for respiratpiy frequency during 
exposure to constant amplitude vibration.
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Table 4,5 Mean v alues o f t i d a l  volume ob ta ined  w ith  su b je c ts  a t  
r e s ts  during  a p erio d  o f v ib ra t io n  exposure and during
• I I ■ I i ft 'iÉ i i i. .  . . . . . . . .  ■ I .  ■ I . . . .. . . I. -  11.1. I .. . I . . .  I .1 1 . 1  I I- - - - - - - - - - " —  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .    -  ■ ■■ - - - - - - ^ — T --- — I— r -  - r  I I- - - - - - - - 1 ' • .. . .
recovery  from v ib r a t io n .  R esu lts  fo r  n in e  su b ie e ts  
r e s tr a in e d  and u n re s tra in e d  in  th e v ib r a t in g  s e a t
Frequency of 
v ib r a t io n  (Hs)
T id a l volume ( L i t r e ,  BTPS) durings
R est A fte r  5 min v ib ra t io n
A fte r  10 min 
v ib ra t io n Recovery
IlESTEAIHED
2 0.71 0 , 6 8 0 ,71 0.69
4 0,69 0,76 0 ,74 0 , 6 8
6 0,75 0 ,77 0 ,80 O0 6 8
8 0,74 0,91 0,99 0.65
1 0 0,65 0,99 0 ,97 0,64
mmsTRAmED
2 0 ,78 0,81 0 ,83 0.76
4 0,73 0.75 0 ,78 0.71
6 0 ,74 0.74 0 ,80 0,67
8 0,71 0,93 0,98 0.67
1 0 0,73 0 ,94 0 ,98 0 .70
d if fe re n c e s  could be d e tec ted  between values o b ta in ed  a t  5 m inutes 
and 10 m inutes a f t e r  the  s t a r t  o f v ib r a t io n .  In  th e  co n d itio n s 
of the  experim ent where t i d a l  volume showed a marked in c re a se  over 
v a lues ob ta in ed  at; r e s t ,  th e re  was a s ig n i f ic a n t  f a l l  in  values 
o f t i d a l  volume (P «2 0 , 0 0 1 ) below those o b ta in ed  w ith  the  su b je c t 
a t  r e s t .  Mean v a lu es fo r  t i d a l  volume w ith  su b je c ts  a t  r e s t ,  
a f t e r  5 m inutes and 10 m inutes exposure to  v ib ra t io n  a t  frequencies
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of 2 10 Hs and during  subsequent: recovery  a re  shown g ra p h ic a lly
in  f ig u re  4«5* In  c o n s tru c tin g  th is  g raph , th e  v alues o f t i d a l  
volume in  the  two en^perimental co n d itio n s ( su b je c t r e s tr a in e d  and 
u n re s tra in e d  in  the. s e a t)  have been pooled,
(e) End t i d a l  carbon d iox ide te n s io n
The r e s u l t s  o f th e  e f f e c t s  o f whole-body v ib r a t io n  upon the  
end t i d a l  carbon d io x id e  te n s io n  a re  p resen ted  in  Table 4 ,6 ,
Table 4 ,6  The e f f e c t  o f whole™body v ib ra t io n  a t  freq u en c ies  o f  
2s 4s 6g 8 and 10 Hs upon end t i d a l  carbon d iox ide 
te n s io n , (Fooled values fo r  9 su b ia c ts  r e s tr a in e d  
and u n re s tra in e d  in  the  v ib ra to r  s e a t , )
Mean v a lu es of end- - t id a l  carbon d iox ide
Frequency of te n s io n  (mm Hg) du ring  s
v ib ra t io n  (H%) A fte r  5 min A fte r  10 min RecoveryA, fir. v ib ra t io n v ib ra t io n 4 min
2 39.6 38.7 38,9 38,5
4 40.1 39,6 39,3 38,7
6 39,4 36,2 35,8 37.5
8 39,8 33,7 34,1 36.1
10 39,2 32,8 33.4 36,9
The mean c o n tro l v a lue  fo r  carbon d iox ide te n s io n  ob ta ined  w ith  
the  s u b je c t  a t  r e s t  i s  shown to g e th e r w ith the  mean values which 
e x is te d  a f t e r  f iv e  m inutes and ten  m inutes exposure to  v ib ra t io n  
a t  freq u en c ies  of 2g 4 g 6^ 8 and 10 Hs:, The mean v alues of
VO
T ID A L  
VOLUME  
L i t r e  BTPS
8 Hz
0-9
ôjrlz
0*8
2Hz
0*7
0-6
VIBRATION RECOVERY
f. :—I— I__?I
, t i m e  m i n   ^ ,
Fifirure 4o 5 Kean v a lu e s  o f  t i d a l  volume d u rin g
exposure to  c o n s ta n t am plitude v ib ra tio n *
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caxboa d io x id e  ten s io n  o b ta in ed  during  recovery  from the 
experim ental v ib ra t io n  a re  a lso  p reaentcd  in  Table 4,6o The 
mean changes induced in  the  end™expi r a to r y carbon d iox ide  te n s io n  
by v ib ra t io n  a t  freq u en c ies  of 2 10 llz w ith  su b je c ts  r e s tr a in e d
and u n re s tra in e d  in  the s e a t  a re  shown g ra p h ic a lly  in  f ig u re  4 .6 «
I t  may be seen th a t  w ith  exposure to  v ib ra t io n  a t  freq u en c ies  of 
2 and 4 llz th e re  were no ma^rked changes in  the  v a lu es  of end 
e x p ira to ry  carbon d iox ide  te n s io n  during the v ib ra t io n  period^ 
from those  v a lu es  ob ta in ed  during  the  p erio d  o f r e s t .  With 
exposure to  v ib ra t io n s  a t  freq u en cies  of 6s 8 and 10 however* 
th e re  was a red u c tio n  in  th e  v alues of end t i d a l  carbon d iox ide 
ten s io n  during  th e  v ib ra t io n  perio d  and th is  re d u c tio n  was main*™ 
ta in e d  u n t i l  the  v ib ra t io n  ceased . The e f f e c t  was g r e a te s t  w ith  
v ib ra t io n s  a t  th e  h ig h e r freq u en c ies  (3 lie and 10 h%) and in  th re e  
su b je c ts  m oderately  severe  symptoms of liypocapnia occurred  during  
exposure to  v ib ra t io n  a t  a frequency of 10 Hg. In  those su b je c ts  
who e x h ib ite d  syjaptOEis of hypocapnia the end t i d a l  carbon dio'^dde 
ten s io n s  f e l l  from mean valxies of 38 40 nm lîg ob ta ined  during
r e s t  to  v a lues of 28 -  32 mu Hg during  the  experim enta l v ib ra tio n  
p e r io d 0
During those experim ental v ib ra t io n  exposures in  which a f a l l  
in  end t i d a l  carbon d iox ide ten sio n  occurred* the e f f e c t  wa;3 
ev id en t w ith in  about 15 to  20 seconds a f t e r  th e  s t a r t  of v ib ra t io n . 
W ithin one minute o f v ib ra t io n  exposure the end t i d a l  carbon 
d io x id e  te n s io n  reached a new le v e l and th i s  was m aintained f a i r l y
1 18*
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co n s tan t th roughout th e  p e rio d  o f v ib ra tio n *  On c e s s a tio n  of 
v ib ra tio n ?  th e re  was a ra p id  in c re a se  in  end t i d a l  carbon d iox ide  
te n s io n  w ith  a fu r th e r  more g radual in c re a se  towards p re -v ib ra t io n  
c o n tro l v a lues over the  n ex t 2 - 3  m inutes * A r e tu rn  of end t i d a l
carbon d io x id e  te n s io n  to  v a lu es which e x is te d  p r io r  to  the  o n se t 
o f v ib ra t io n s  was com plete in  most cases w ith in  3 - 4  m inutes 
of s topp ing  v ib ra tio n *  These e f f e c t s  of whole-body v ib ra t io n  on 
end t i d a l  carbon d iox ide  te n s io n  a re  i l l u s t r a t e d  in  f ig u re  4.7»
Tills f ig u re  shows a  reco rd  of end t i d a l  carbon d io x id e  co n cen tra tio n  
ob ta in ed  during  an experim ental run in  which th e  s u b je c t was exposed 
fo r  a  s h o r t p e rio d  to  h igh  in te n s i ty  experim enta l v ib ra t io n  
(frequency 3 H a). The ra p id  d e c lin e  in  v a lu es of end t i d a l  carbon 
d iox ide  co n c en tra tio n  fo llow ing  the  onse t o f v ib ra t io n  and the 
f i r s t  ra p id  then  g radual r e tu rn  to  p re -v ib ra t io n  c o n tro l va lues 
may be seen from th e  experim ental reco rd  shown in  f ig u re  4 .7 ,
(f)  Metabol i c oxygen uptake
The r e s u l t s  of the  measurements o f m etabo lic  oscygen uptake 
which were made during  th is  s e r ie s  of experim ents a re  p resen ted  in  
Table 4 .7 , fo r  n in e  su b je c ts  who were r e s tr a in e d  and u n re s tra in e d  
in  the v ib ra t io n  s e a t  and exposed to  v ib ra t io n s  a t  freq u en c ies  
of 2? 4p 6? 8 and 10 .
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Table 4 .7  E f fe c t  o f who!e-body v ib ra t io n  on m etab o lic  oxygen 
consumption . Mine su b jec ts?  eacposed to  v ib ra t io n  
a t  freq u en c ies  o f 2 -  10 Hjs in  th e  r e s t r a in e d  and 
u n re s tra in e d  co n d itio n s
1 2 1
frequency  of 
v ib ra t io n  <Hs)
2
4
6
3
10
6
8
10
Moan v a lu es o f oxygen consm sption 0%/min 8TPD) 
in  the  fo llow ing  co n d itio n
Rest A fte r  5 min 'v ib ra tio n
A fte r  10 min 
v ib r a t io n Recovery
RESTRAINED
0.299 0.301 0,270 0.302
0.278 0 .274 0 .271 0 .274
0.280 0.388 0,390 0.272
0.317 0.472 0,476 0.292
0.277 0.525 0.505 0.260
UNRESTRAINED
0,313 0,283 0,278 0.272
0.287 0,270 0274 0,261
0.282 0.372 0.332 0.269
0.302 0.476 0.509 0,272
0.278 0.518 0.531 0.274
I t  may be seen from Table 4 .7  th a t  w ith  th e  s u b je c t  both  in  
the  r e s t r a in e d  and u n re s tra in e d  co n d itio n s  in  the  v ib ra t in g  s e a t  
th e re  was a marked in c re a se  in  th e  mean v a lu es  o f oxygen consunjption 
during  exposure to  v ib r a t io n  a t  freq u en c ies  of 6? 8 and 10 Hs*
I t  may a lso  be seen th a t  moan values of oxygen consumption 
in c reased  w ith  in c re a s in g  in te n s i t i e s  o f v ib r a t io n  ex'posure and
1 2 2
th a t  the  g r e a te s t  in c re a se  occu rred  w ith  exposure o f  the  su b je c t 
to  v ib ra t io n  a t  th e  h ig h e s t frequency (10 H%).used in  th e  s tu d y . 
With exposure o f the  su b je c t to  whole-body v ib r a t io n  a t  
freq u en c ies  o f 2 llz and 4 llz th e re  were no s ig n i f i c a n t  in c re a se s  
in  v a lues o f m etabo lic  oj^ygen consuiaption in  the  s u b je c t  over 
those ob ta in ed  w ith  him a t  r e s t .  With v ib ra t io n  exposures a t  
freq u en c ies  o f 6 Hk? 8 llz and 10 Hz the mean v a lu es  of oxygen 
consumption were s ig n i f ic a n t ly  g re a te r  than  those  ob ta in ed  a t  r e s t  
(P 0 ,0 0 1 ) . A nalysis has shown? also? th a t  th e re  were no s ig ­
n i f i c a n t  d if fe re n c e s  in  v a lu es o f m etabo lic  oxygen consumption in  
both  esEperimental co n d itio n s  (where the  s u b je c t was r e s tr a in e d  by 
a s e a t  h a rn ess  and where he was u n re s tra in e d  in  th e  v ib ra t in g  s e a t ) . 
In  th o se  experim enta l co n d itio n s  in  which an in c re a se  in  m etabo lic  
oxygen consumption occurred  th i s  in c re a se  was su s ta in e d  alm ost 
unchanged throughout th e  p e rio d  o f v ib ra t io n  exposure* At the  
te rm in a tio n  o f v ib ra tio n ?  th e  mean v alues fo r  m etabo lic  oxygen 
consumption f a l l  below those  measuîred during  th e  r e s t in g  p eriod  
p r io r  to  v ib r a t io n .  Tills e f f e c t  was h ig h ly  s ig n i f i c a n t  fo llow ing  
exposures to  v ib ra t io n  a t  freq u en c ies  o f 6? 8 and 10 Tlie
mean changes in  the  v alues of m etabo lic  oxygen consumption which 
occurred  in  th i s  p a r t  of th e  in v e s t ig a t io n  a re  summarised in  
f ig u re s  4 ,8  and 4 ,9  fo r  n in e  su b je c ts  exposed to  v a rio u s  co n d itio n s  
o f whole body v ib r a t io n .
12$
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ïu  o rd e r fcc allow  a comparison to  be made of th e  m etabo lic  
a c t i v i t y  a s so c ia te d  w ith  exposure of the s u b je c t  to  whole^body 
v ib r a t io n  w ith  th a t  a s so c ia te d  w ith  f ly in g  v a rio u s  types o f 
a i r c r a f t ,  v a lu es of m etabo lic  oxygen consumption have been r e ­
c a lc u la te d  in  th e  u n its  kcal/m ^hr and th ese  a re  shotm in  Table 4 .8 , 
I t  may be seen from Table 4 .8  th a t  a f t e r  exposure o f the  su b je c t 
to  v ib ra t io n  a t  a frequency o f 6 Ha fo r  a p e rio d  o f f iv e  m5.nutes 
th e re  was an in c re a se  in  the  v alue  of energy ex p en d itu re  from 
46,7 kcal/m ^hr ob ta in ed  a t  r e s t  to  59 ,3  kcal/m ^hr during  v ib r a t io n .  
With exposure to  v ib ra t io n  a t  a frequency o f 8 llz t h i s  va lue  
in c reased  from 47.3 kcal/m ^hr ob ta ined  a t  r e s t  to  75,8  Iccal/m% r 
during  v ib r a t io n  and a t  a frequency of 10 Ka th e  v alue  in c reased  
from 46.5 kcal/m ^hr during  r e s t  to  82,5 kcal/m ^hr du ring  v ib ra t io n  
exposure. At th e  h ig h e r freq u en c ies  in  the  range s tu d ie d , th e  
v a lu es of energy ex p en d itu re  ob ta in ed  in  the  se a te d  su b je c t during  
v ib ra t io n  were s im ila r  in  magnitude to  those o b ta in ed  in  the 
p i l o t  du ring  some of the  most in te n s iv e  phases of f l i g h t  ( e .g .  
in stru m en t approaches, combat and emergency s i tu a t io n s )  in  f ix ed  
wing a i r c r a f t  and during  hovering , a scen t and land ing  in  h e l ic o p te rs
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Table 4 .8 E ffe c ts  o f whole-body v ib ra t io n  afc a c o n s ta n t d i s pl.aGe° 
ment" am plitude on m etabo lic  energy ex p e n d itu re . Mean 
v a in cs  fo r  n in e  su b je c ts  exposed to  v a rio u s  co n d itio n s  
of v ib ra t io n
Frequency of
Mean v alue  of m etabo lic  energy expend!tuire 
(kcal/m  h r) durings
v ib r a t io n  (Hs)
R est A fte r  5 min v ib ra t io n
A fte r  10 min 
v ib ra t io n Recovery
2 47.4 45.8 43.9 44,2
4 44.6 42.6 41.8 40.9
6 45.7 39.3 58.8 42.6
8 47.4 75.8 78.7 43.2
10 46 0 5 82,5 81.8 40.6
(g) Carbon d iox ide  o u tp u t
Tlie r e s u l t s  of measurements of carbon d io x id e  o u tp u t which 
were ob ta ined  in  th is  a e r ie s  o f experim ents a re  p re sen ted  in  
Table 4 .9  fo r  n in e  s u b je c ts ,  r e s tr a in e d  and u n re s tra in e d  in  the 
v ib ra t in g  s e a t .  I t  may be seen by re fe re n c e  to  Table 4 .9  th a t  
w ith  the  s u b je c t  bo th  r e s t r a in e d  and u n re s tra in e d  in  the  v ib ra t in g  
s e a t  th e re  was a m rk ed  in c re a se  in  the  mean v a lu es  of carbon 
d iox ide  p ro d u c tio n  during  v ib r a t io n  exposures a t  freq u en c ie s  of 
6j> 8 and 10 Hs. The mean values o f carbon d io x id e  p ro d u c tio n  
during  exposure to  v ib ra t io n s  a t  freq u en c ies  of 2 Ha and 4 Hs 
were n o t s ig n i f ic a n t ly  d i f f e r e n t  from those o b ta in ed  w ith  the  
s u b je c t a t  r e s t .  I t  may be no ted  th a t  in  those  co n d itio n s  of
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Table 4 .9  E ffe c t  of whole^body v ib ra t io n  on carbon d io x id e  
o u tp u t. Mean v a lu es  fo r  n ine  su b je c ts  exposed 
to  v ib r a t io n  a t  freq u en c ies  2 -  10 llz in  the  
r e s t r a in e d  and u n re s tra in e d  co n d itio n
Frequency o f
Mean v a lu es  o f carbon d io x id e  o u tp u t (L/min 
STPD) in  th e  fo llow ing  co n d itio n ss
v ib r a t io n  (H%)
Rest A fte r  5 min v ib ra t io n
AEfcer 10 min 
v ib r a t io n Recovery
I6ESTRAXMED
2 0.263 0.259 0.024 0,250
4 0.258 0.258 0.240 0.225
6 0.260 0.353 0.320 0.210
8 0.261 0.489 0.491 0.224
10 0.263 0.523 0.541 0.230
UKRESXBAINE))
2 0.265 0.270 0.240 0.231
4 0.251 0.274 0.242 0.209
6 0.271 0.350 0.300 0.233
8 0.266 0.470 0.490 0.234
10 0.253 0.527 0.513 0.232
the  experim ent in  which a marked in c re a se  in  carbon d iox ide  
p ro d u ctio n  occurred  during  th e  v ib ra t io n  exposure , th a t  in c re a se  
was r e la te d  to  th e  in te n s i ty  of th e  v ib ra t io n  and th e  h ig h e s t 
v a lu es were o b ta in ed  w ith  exposure to  v ib ra t io n  a t  a frequency of 
10 Hs.
% e v a lu es o f carbon d iox ide  ob ta in ed  w ith  v ib r a t io n  exposures 
a t  freq u en c ies  of 6 , 8 and 10 llz were s ig n i f ic a n t ly  g re a te r  than
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those o b ta in ed  during  the  r e s t in g  c o n tro l p e rio d  (P 0 ,0 0 1 ) , The 
v a lu es  ob ta ined  w ith  exposures to  v ib ra t io n  a t  freq u en c ies  of 2 and 
4 Hz were n o t ,  however, s ig n i f ic a n t ly  g re a te r  than  th o se  ob ta ined  
during  th e  r e s t in g  p e r io d . Furtherm ore, w ith  th o se  exposures to  
v ib ra t io n  where an in c re a se  in  carbon d io x id e  p ro d u c tio n  occurred  
th a t  in c re a se  was su s ta in e d  u n t i l  the  v ib ra t io n  ceased a f t e r  which 
th e re  was a s ig n i f i c a n t  (P ™ 0*01) f a l l  in  v a lu es  during  the 
recovery  phase o f the  experim ent, below those  o b ta in ed  w ith  the 
su b je c t a t  r e s t ,
(h) R e sp ira to ry  Exchange R a tio
The r e s u l t s  f o r  measurement o f the  R e sp ira to ry  Exchange R atio  
o b ta in ed  in  th i s  s e r ie s  of experim ents a re  p re se n te d  in  Table 4 .10 
fo r  n in e  su b je c ts  exposed to  v ib ra t io n  a t  freq u en c ie s  of 2 -  10 Hs, 
bo th  r e s t r a in e d  and u n re s tra in e d  by harness in  th e  v ib ra t in g  s e a t .  
I t  may be seen by re fe re n c e  to  Table 4.10 th a t  in  bo th  co n d itio n s  
of the  escperiraent ( i . e .  w ith  su b je c t r e s tr a in e d  and u n re s tra in e d )  
th e re  was an in c re a se  in  mean v a lu es o f R e sp ira to ry  Exchange R atio  
w ith  th e  su b je c t exposed to  v ib r a t io n  a t  freq u en c ies  o f 6, 8 and 
10 Bzp a lthough  w ith  exposure to  v ib ra t io n  a t  freq u en c ie s  of 2 
and 4 llz th e  R a tio  rem ained v i r t u a l ly  unchanged. I t  may a lso  be 
seen th a t  w ith  exposure to  v ib ra t io n  a t  th e  h ig h e s t  frequency used 
(10 Hz) the  mean v a lu e  o f th e  R atio  in c reased  above u n i ty .  The 
values o f R e sp ira to ry  Exchange R atio  found du ring  exposure to 
v ib ra t io n  a t  freq u en c ies  o f 6 , 8 and 10 Uz were in  each case
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T ab le  4 ,1 0 E ffe c ts  o f whole-body v ib ra t io n  on th e  R esp ira to ry  
Exchange R a tio , Mean v alues f o r  n in e  su b je c ts  
e2ci30sed to  v ib ra t io n  a t  freq u en c ies  o f 2 ™ 10 Hs 
in  th e  r e s tr a in e d  and u n re s tra in e d  co n d itio n
Frequency o f 
v ib r a t io n  (H%)
Mean va 
R est
lu es  of R esp ira to ry  Exchange 
th e  fo llow ing  co n d itio n ss
A fte r  5 min A fte r  10 min 
v ib ra t io n  v ib ra t io n
la t io  in  
Recovery
RESTRAINED
2 0,927 0.915 0.898 0,884
4 0.870 0,942 0.874 0,827
6 0,938 1,004 0.940 0.841
8 0,820 0,943 0 .974 0.760
10 0,873 1,004
IMEKBTRAÏNED
1.021 0.889
2 0,848 0.874 0.833 0.813
4 0.872 0.975 0.874 0,800
6 0,845 0.921 0,913 0.746
8 0,354 0.981 0.970 0.804
10
< w  ewiwmer** « WhiMfw W» w  WWWMM **,«» mrw
0,866 1.008 1.020 0,825
s ig n i f ic a n t ly  g re a te r  than  those ob tained  during  th e  r e s t in g  
p erio d  (P -  0 ,001) w h ils t  w ith  v ib ra t io n  exposures a t  freq u en c ies  
of 2 and 4 Hs the d if fe re n c e  in  values ob ta in ed  in  th e  p e rio d  o f 
v ib ra t io n  were n o t s ig n i f ic a n t ly  d i f f e r e n t  from those ob tained  
w ith  th e  su b je c t a t  r e s t .  In  the  co n d itio n s  in  which the  R atio  
in c reased  during  the  v ib ra t io n  exposure, th i s  in c re a se  x-ras su s­
ta in ed  throughout the  p e rio d  o f v ib ra t io n  and on c e s s a tio n  of the
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v ib ra t io n  f e l l  s ig n i f i c a n t ly  belox-7 the  v a lu e  o b ta in ed  w ith  the  
su b je c t a t  r e s t .  Tlie d if fe re n c e s  in  the behaviour of th e  
R e sp ira to ry  Exchange R atio  were n o t s ig n i f ic a n t  betx-yeen the  
co n d itio n  in  which the s u b je c t xfas r e s tr a in e d  and u n re s tra in e d  in  
th e  v ib ra t io n  s e a t .
(1) Symptoms a r is in g  during  v ib ra t io n
At th e  end of each experim ental run , the s u b je c t  x^as asked to  
com plete a q u e s tio n n a ire  l i s t i n g  the  symptoms he had experienced  
during  each v ib ra t io n  exposure. This q u e s tio n n a ire  asked s p e c i­
f i c a l l y  f o r  d e ta i l s  of g en e ra l com fort during  the  v ib ra t io n  ru n , 
any d iscom fo rt a r is in g  in  the  c h e s t , abdomen, back , head and neck, 
p e lv is  o r  in  any o th e r  anatom ical s i t e .  In  th i s  p a r t  of the 
in v e s t ig a t io n  no a t te i i^ t  was made to  qm m tify  the  in te n s i ty  o f th e  
d isc o m fo rt5 a lthough a q u a n t i ta t iv e  approach was used in  a sub­
sequent experim ent which i s  re p o rte d  in  a l a t e r  ch ap te r of th i s  
th e s i s .  The number o f re p o r ts  of symptoms a r is in g  during  a t o t a l  
o f 90 experim en ta l v ib ra t io n  exposures a re  sm m arised  in  Tables 
4.11 and 4.12 fo r  n in e  s u b je c ts ,  each of xdiom experienced  v ib ra t io n  
a t  freq u en c ies  of 2 , 4 , 6 and 8 Ha fo r  a p e rio d  o f 10 m n u te s .
The r e s u l t s  p re se n ted  in  Table 4.11 show the  syiïï '^ t^oms rep o rted  by 
su b je c ts  dxxring tlie runs in  which they  were f u l ly  r e s t r a in e d  in  
the  s e a t  and in  Table 4.12 th e  r e s u l t s  a re  g iven  fo r  th e  co n d itio n  
where su b je c ts  xmre u n re s tra in e d  in  the seat:.
131
Table 4.11 Summary o f symptoms rep o rted  during  xlhole-body 
v ib r a t io n  a t  freq u en c ies  o f 2 - 1 0  Hk w ith  the  
s u b je c t r e s tr a in e d  in  the  v ib ra t io n  s e a t  
(Nine su b je c ts )  (Each <• re p re se n ts  one re p o r t)
Symptom
Genera1 d is  eomfor t
P ain  or d iscom fort 
in  ch e s t
P ain  o r d iscom fort 
in  abdomen
P ain  o r d isco m fo rt 
in  back
P ain  o r d isco m fo rt 
in  head and neck
P ain  o r discom fort; 
in  p e lv is
Frequency o f v ib r a t io n  (H%)
2 4 6 a 10
RESTRAINED
•!"!*
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Table 4.12 Summary of syiirotonis rep o rted  during  xfhole-body 
v ib r a t io n  a t  freq u en c ies  o f 2 -  10 Ha w ith  subi a c t 
im re s tra in e d  in  the  v ib ra t in g  s e a t  (Nine su b je c ts )  
(Each *î‘ re p re se n ts  one re p o r t)
Symptom
G eneral d i s corafort
Pain  or d iscom fort 
in  c h e s t
F ain  o r d iscom fort 
in  abdomen
F ain  o r d iscom fort 
in  back
F ain  or d iscom fort 
in  head and neck
F ain  o r d iscom fort 
in  p e lv is
Frequency of v ib r a t io n  (Hz)
4
■! I» .1^1
6 8
HlTRESTïtAîHED
■f*î*
10
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I t  m y  ba aaeu by re fe re n c e  to  Tablas 4 . I I  and 4,12 th a t  in 
BGOGfal, irmt  su b je c ts  found v ib ra t io n  uncomfor ta b 1e a t  frequencio»  
of 6, 8 and 10 Ha both when re s tr a in e d  and tm te s tra in e d  In the 
v ib ra t in g  s e a t .  The ta b lea  ahow q u ite  c le a r ly  th a t  & g re a te r  
degree o f d isco m fo rt iu  both  cond ition#  of r e s t r a i n t  was aoG oeiated 
w ith  v ib ra t io n  a t  the h ighor zrathor than a t  t;ha Xetmr lo v a la  of 
In te n s ity *  Thus, w ith  exposure to  v ib ra t io n  a t  a frequency o f 
2 H s  t h e r e  w o r e  b o  r e p o r t a  o f  d i o c o m f a r r  w i t h  t h o  a u b j e c t  e i t h e r  
r e s tr a in e d  o r u n re s tra in e d  in  th e  sea t»  Indeed, a mmiboar of 
8 ub jo e  tu  found cxpoavre to  v ib ra t io n  a t  th is  freqiAoney a c tu a l ly  
p le a sa n t and some s u b je c ts  experienced a G oporoflc se n sa tio n .
With oïqîoeura to  v ib ra t io n  a t  a frequoaay o f 4 Hz ( in te n s i ty  
i  0*21 Os) th e re  was on ly  one ro p o rt o f d isco m fo rt end th ia  
took the form of mi Id f lu t t e r i n g  o f p e c to ra l m usclas during  the 
l a t e r  'minutü's of the  v ib ra t io n  p e r io d , With v ib ra t io n  oxposurofs 
A t  a frequency  o f 6 H t  ( in te n s i ty  ^  0 ,49  G s )  t h e  n u m b e r  o f  
rcp o rto  of d iscom fort both  In th e  ro a tra in e d  and nnsrcafcralncd 
co n d itio n s  showed a marked, increase*  I t  ia  known th a t  a t  th is  
frequency th e re  i s  a  doïvyLnaxit rode of raoonanca in  body and a 
nusiber o f  eu b jcc to  complained of s u p e r f ic ia l  c h e s t d iscom fort 
(probably  aoaocia tûd  w ith  rosonanca o f the  p e c to ra l  muscle s ia sa ), 
w ith  mild d isco m fo rt in  the  upper r ig h t  quadran t dI: the abdomen 
(probably  diiu to  resonance of l iv e r  mid o th o r v is c e ra )  arKl in  the  
ehouldotüp head and meek» There were a lso  two re p o r ts  o f d iscom fort
134
in  the a rea  of the  p e lv is  a t  th is  frequency o f v ib r a t io n .
With esqjosure to  v ib ra t io n  a t  a frequency of 8 He ( in te n s i ty  
^ 0 .89 Gz) th e re  was a very  nurrked in c re a se  in  the  number of
re p o r ts  o f g en e ra l discom fort: bo th  w ith  the  subject: re s  tra in e d  
and u n re s tra in e d  in  tîie v ib ra t in g  s e a t .  The predom inant anatom ical 
s i t e s  fo r  th e  p a in  experienced during th is  v ib r a t io n  exposure 
were the su b c o s ta l and substernaX a re a s . Thus, f iv e  su b je c ts  who 
were u n re s tra in e d  and s ix  su b je c ts  who were r e s tr a in e d  in  the  
v ib ra t in g  s e a t  complained o f severe  r e t r o s te r n a l  and su b c o s ta l 
p a in  which a ro se  e a r ly  in  th e  p erio d  of v ib r a t io n ,  in c reased  in  
s e v e r i ty  and f in a l l y  ra d ia te d  to  the neck and r ig h t  sh o u ld e r.
I t  was observed by one su b je c t th a t  th is  p a in  could be re lie v e d  to 
a c e r ta in  e x te n t by applying p re ssu re  by hand to  th e  a f fe c te d  
a re a  although  a l l  su b je c ts  were th e re a f te r  s t r i c t l y  in s tru c te d  to  
make no a ttem pt to  dev ise  means o f r e l ie v in g  th e i r  d isco m fo rt,
IX'TO su b je c ts  re p o rte d  p a in  in  the upper abdomen bo th  when r e s tr a in e d  
and u n re s tra in e d  in  th e  v ib ra t in g  s e a t .  This p a in  was d escrib ed  
in  each case as deep se a te d , d u ll  in  n a tu re  and confined  to  the  
upper r ig h t  quadran t of th e  abdomen. Two su b je c ts  rep o rted  d is -  
com fort in  the  lumbar a rea  o f the sp ine  a f t e r  about 4 - 5  m inutes 
o f v ib ra t io n  a t  a frequency of 8 He .
By f a r  the  g r e a te s t  number of re p o r ts  of acu te  d iscom fort 
during  th e  v ib ra t io n  p e rio d  xfore ob ta ined  w ith  exposure of the  
su b je c t to  v ib ra t io n  a t  a frequency of 10 He (v ib ra tio n  in te n s i ty  “
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jÿ 1.43 G e)• The acu te  d iscom fort rep o rted  during  exposure to  
v ib r a t io n  at: th is  frequency occurred  w ith  th e  s u b je c t  r e s tr a in e d  
and u n re s tra in e d  in  the  v ib ra t in g  s e a t .  During v ib ra t io n  a t  th i s  
frequency alm ost every  experim ental su b je c t complained of near 
in to le r a b le  d iscom fort which began in  the  f i r s t  few seconds a f t e r  
th e  s t a r t  o f v ib ra t io n  and e i th e r  remained unchanged o r  in c reased  
in  in te n s i ty  as the v ib ra t io n  exposure p ro g re ssed . The m a jo rity  
o f  su b je c ts  complained o f very  severe p a in  in  th e  c h e s t which had 
sim j.lar c h a r a c te r i s t ic s  to  th a t  experienced during  exposure to  
v ib ra t io n  a t  8 llz bu t d if f e re d  s l i g h t ly  in  i t s  r a d ia t io n  c h a r a c te r i s t ic s  
( r a d ia t io n  m ainly to  the  upper back reg io n ) and was o f much g re a te r  
s e v e r i ty .  During one experim ental p rocedure , th e  run  was stopped 
because the  s u b je c t experienced  in to le r a b le  d isco m fo rt in  the  ch es t 
a f t e r  4 m inutes e^cposure a t  t h i s  frequency . Tills run was rep ea ted  
a t  a l a t e r  d a te  and the  d a ta  ob ta ined  during  th e  f i r s t  v ib ra t io n  
run  were n o t used in  th e  s e r ie s .  With v ib r a t io n  exposure a t  a 
frequency of 10 llz^ abdominal d iscom fort was a ls o  re p o rte d  b u t ims 
le s s  commanding than the acu te  c h e s t p a in , su b je c ts  rep o rted
acu te  d isco m fo rt in  the  head due to  ex cess iv e  movement which occurred  
in  the  l a t e r  m inutes of th e  v ib ra t io n  exposure.
The syiïiptoms experienced  by the su b je c ts  in  th e  p re se n t study  
were b ro ad ly  s im ila r  to  those  rep o rted  by Guignard (1964) who 
exposed h is  su b je c ts  to  v ib r a t io n  a t  freq u en c ie s  o f 2 -  10 He .
I t  i s  b e liev e d  th a t  in  the  p re se n t study  most o f  the  sy%)toms
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d escrib ed  by the experim ental su b je c ts  were m echanical in  o r ig in  
and a s so c ia te d  w ith  resonance e f f e c ts  in  the to rso  and p e c to ra l 
g i r d l e ,
In  ouîiïmarys i t  may be s ta te d  th a t  the r e s u l t s  of th is  
ex][>eriment show th a t  exposure to  co n s tan t am plitude whole-body 
v ib ra t io n  in  the  frequency range 2 "* 10 liz induces marked d is ­
com fort in  the  s u b je c t  a t  c e r ta in  fre q u e n c ie s . This d iscom fort 
a r is e s  m ainly  in  ch e s t and abdomen although to  a le s s e r  e x te n t 
may occur in  th e  p e lv is ,  head , shou lders and neck . The s e v e r i ty  
o f the d iscom fort i s  ap p a ren tly  r e la te d  to  the  in te n s i ty  of the 
imposed v ib r a t io n  and ranges from e i th e r  t o t a l  la ck  o f ,  o r minor 
d iscom fort a t  freq u en c ies  o f 2 and 4 He ( in te n s i t i e s  of v ib ra t io n  
^ 0 ,0 5  Ge and 0 ,21 Gz re s p e c tiv e ly )  to  f ra n k ly  in to le r a b le  pain  
a t  v ib r a t io n  freq u en c ies  o f S and 10 He ( in t e n s i t i e s  o f v ib ra t io n  
^ 0 , 8 9  Qs axxcl 4* 1 ,4 3  Ge r e s p e c t iv e ly ) .  I t  has a lso  been demon­
s t r a te d  th a t  the  in c id en ce  and magnitude o f d iscom fort a s so c ia te d  
w ith  v?hole-body v ib ra t io n  w ith in  th e  range o f freq u en c ies  s tu d ied  
occurs both w ith  the  s u b je c t  r e s tr a in e d  and u n re s tra in e d  by a 
h arness in  th e  v ib ra t in g  s e a t .
(j ) C ardiac frequency
P rev ious s tu d ie s  on the  r e s p ir a to ry  e f f e c t s  o f who1e-body 
v ib r a t io n ,  n o ta b ly  those  o f Hood e t  a l  (1966) suggest th a t  v igorous 
m echanical movement o f th e  whole body cind p a r t i c u la r ly  o f the 
e x t r e m t ie s  a c ts  as a "m ild c i r c u la to ry  s t r e s s " .  S ince very  few
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investigators have studied tdiese changes in detail the main effect 
of whole-body vibration on the circulatory system which is 
reported in the literature relates to the cardiac frequency.
In the present series of experiments the results of measuring 
cardiac frequency during each vibration exposure with subjects 
restrained and unrestrained in the vibrating seat are presented 
in Table 4.13.
It may be seen by reference to Table 4.13 that with the 
subject both restrained and unrestrained in the vibrating seat 
there was an increase in cardiac frequency during vibration
exposures at frequencies of 6, 8 and 10 the greatest change
occurring with Vibration at a frequency of 10 Hz, Tlie mean 
values of cardiac frequency observed during the exposure to 
vibration at frequencies of 6, 8 and 10 Hz were significantly
greater than those obtained with the subject at rest,
(P » 0,001), Furthermore the observed Increase xm s greater 
after 5 minutes of vibration and declined towards the end of the 
vibration period. This effect was significant at the 1% level.
In those vibration exposures where an increase in cardiac 
frequency occurred, cessation of the vibration caused a fall in 
values below those recorded during the control rest period.
This effect was highly significant (P 0,001). The effects of 
escposurc to vibration at frequencies of 6, 8 and 10 Hz on heart
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Table 4.13 Effects of whole-body vibration on cardiac frequency. 
Mean values for nine subiects exposed to vibration at 
frequencies of 2 - 10 Hz in the restrained and un­
restrained conditions
V . 1 V*  ver»**
Frequency of
Mean values of cardiac frequency (beats per 
minute) in the following conditionss
vibration (Hz)
Rest After 5 min 
vibration
RESTRAINED
After 10 min 
vibration Recovery
2 04.1 82.5 81.3 80.1
4 79.1 78.0 75.5 76.7
6 81.2 86.3 78.9 77.5
8 84.6 89.2 85.2 79.5
10 84.0 97.0 92.3 82.6
UNRESTRAINED
2 82.2 84.6 80.1 79.5
4 81.0 79.5 80.2 77.4
6 83.4 86.0 79.2 78.4
S 85.0 89.3 84.7 80.0
10 84.0 96.2 92.2 80.1
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Figure 4. 10 Cardiac frequency during exposure 
to constant amplitude vibration*
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r a te  occurred  in  the two experiniantal conditions, ioe* w ith  the  
s u b je c t r e s tr a in e d  and u n re s tra in e d  in  the  v ib ra t in g  s e a t  (P 0,001) 
Ihe mean changes in  h e a r t  r a te  observed fo r  each minute w ith  the  
su b je c t a t  r e s t?  during  exposure to  v ib ra t io n  a t  freq u en c ies  of 
2 10 Hs and during  recovery  a re  shown in  f ig u re  4 , 10 . In  th i s
graph the  v alues ob ta ined  w ith  the  su b je c t r e s tr a in e d  in  the vibran­
tin g  s e a t  have been pooled w ith  those ob ta in ed  w ith  the su b je c t 
u n restra in ed o
(k) Movement o f muscle masses during v ib ra t io n
The response of v a rio u s muse le  masses of th e  body during  
exposure to  co n s tan t aivplitude v ib ra tio n  at freq u en c ies  o f 2, 4^
6, 8 and 10 Hjs was exam ned during th is  s e r ie s  of experim ents using 
high speed ciiiephotography. O bservations were made on the  
response o f v a rio u s  groups of muscles in  the  body to  the  experi^  
m ental v ib ra t io n  by running the exposed c in e  f ilm  through an 
e d i t in g  view er a t  a speed o f 16 frames p er second and where 
ap p ro p ria te  by examining each se p a ra te  fram e.
The observations c a r r ie d  ou t in this p a r t  o f the experim ent 
show th a t  when the  su b je c t was exposed to vibration a t  a  frequency
I
o f 2 Hk the behaviour o f muscle masses was l i t t l e  d i f f e r e n t  from 
th a t  observed during  the p erio d  o f r e s t  prior to  vibration.
With v ib ra t io n s  a t  a frequency of 4 Hz th e re  marked movement 
of the  p e c to ra l  muscles in  an upwards and downwards d ir e c t io n  a t  
approxim ately  the  same frequency of motion as the  fo rc in g  v ib ra t io n .
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There was , however., no attempt: on the  p a r t  o f the experim enta l 
s u b je c t  to  ten se  th ese  muscles in  o rd er to  reduce the  degree of 
movement. S im ila r movement of musculature in the calves and 
upper region of th e  th ig h  was observed and th e  n a tu re  of th is  
movement remained e s s e n t ia l ly  unchanged throughout the  p erio d  o f 
v ib ra t io n . An upwards and downward^' movement of the  shou lder 
g ird le  was a lso  observed during  exposure to  v ib ra t io n  a t  a 
frequency o f 4 Hz and no attem pt was made by the su b je c t to  modify 
o r a t te n u a te  th is  m otion.
During exposure of the experim ental s u b je c t  to  v ib ra t io n  a t  
a  frequency of 6 Hs a number of in te r e s t in g  phenomena ware 
observed on an a ly sin g  the h igh  speed c in e  f ilm . At th is  
frequency, v ib ra t io n  caused alm ost :tmnediate and simultaneous 
movement of muscle masses in  the  ca lves and upper reg io n  of the 
th ig h . These movements were la rg e  in magnitude and a t  approx*^ 
imately the same frequency as the fo rc in g  v ib ra t io n  and were 
p robably  due to  resonance e f f e c ts  a t  th i s  frequency . W ithin 
two to  th ree  seconds of the  s t a r t  of th is  muscle motion, the 
experim ental s u b je c t responded by ten sin g  the appropriate muscle 
group fo r  a p e rio d  o f about th ree  to fo u r seconds during  which 
the movement of the muscle mass was v is ib ly  reduced. At the 
end of th is  p e rio d  o f muscle tensing, th e re  was obvious re la x a ­
t io n  on the  part of the su b je c t and the muscle mass re tu rn ed  to
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a motion a t  about the  same frequency as the  fo rc in g  v ib r a t io n .  At 
the  end o f approxim ately  5 seconds of r e la x a tio n  the  muscle ten sin g  
procedure was once more adopted by the experim enta l s u b je c t .  
Throughout the  p e rio d  of observation the s u b je c t  a l te r n a te ly  
tensed  and re la x e d  m usculature probably  in  an a ttem p t to  attenuate 
the  ex cess iv e  movement occasioned by the fo rc in g  v ib r a t io n ,  A 
s im ila r  phenomenon was observed a t  this frequency of vibration fo r  
the la rg e  mass of p e c to ra l  muscles which a l te r n a te ly  re lax ed  and 
tensed  during  the  p erio d  o f v ib ra t io n .
S im ila r  observations were made during  exposure o f the  su b je c t 
to  v ib ra t io n  a t  a frequency of 8 He, With th is  co n d itio n  the  
groups of muscle masses involved inc luded  c a l f  and upper th ig h  
m asses, p e c to ra l  m uscles, b iceps muscles and s t r a p  muscles of the 
neck. Each of th e se  muscle groupa ex h ib ite d  a marked degree of 
movement immediately’' a f t e r  the v ib ra t io n  was s ta r t e d  and th is  
was follow ed xvithin a few seconds by vigorous te n s in g  o f the  
ap p ro p ria te  muscle mass and consequent red u c tio n  in  movement, 
Throughout the  p erio d  o f v ib ra tio n  in  which o b se rv a tio n s  ware 
c a r r ie d  o u t, the  phenomenon of a l te r n a te  te n s in g  and re la x a t io n  
o f m usculature was c le a r ly  v i s i b l e .  In  f ig u re  4 ,11 two frames 
o f the h igh  speed c in e  f ilm  have been reproduced . In  one fram e, 
the  c h a r a c te r i s t ic  phase of muscle re la x a tio n  i s  slioxm during 
exposure of the  su b je c t to  v ib ra t io n  a t  a frequency o f 8 Hz, In  
the a d ja c e n t photograph, te n s in g  of v a rio u s groups o f muscles may
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be seen as a c h a r a c te r i s t ic  response to v ib ra t io n  a t  the  same 
frequency and I n te n s i ty ,
O bservations o f the  h igh  speed c ine f ilm  taken during  
exposure of the  s u b je c t  to  v ib ra t io n  a t  a frequency o f 10 Bz 
show th a t  a very  la rg e  number of muscle groups were involved 
in  the  te n s in g  -  r e la x a tio n  phenomenon observed a t  o th e r 
freq u en c ies  o f v ib ra t io n . In  th is  experim enta l co n d itio n  i t  
was no ted  th a t  in  a d d itio n  to  te n s in g  o f muscles of upper and 
lower liiA a  and the ch est, th e re  was a lso  marked c o n tra c tio n  of 
abdominal musculature. A lso , i t  was no ted  th a t  w ith  the o n se t 
o f h igh  in te n s ity  v ib ration  a t  th i s  frequency the su b je c t t r i e d  
to  adopt an arched p o stu re  by c o n tra c tio n  of lumbar and d o rsa l 
m usculature presumably in  an attempt to  modify o r a t te n u a te  
tran sm iss io n  of v ib ra t io n  to  more v u ln e rab le  p a r ts  o f the  body.
I t  was no ted  th a t  a t  th i s  frequency o f v ib ra t io n  th e  p erio d s of 
sustained  m uscular c o n tra c tio n  were longer than  those observed 
during v ib ra tio n s  of le s s e r  in te n s i ty ,  and in  these circum stances 
the periods of m uscular re la x a tio n  were consequently  reduced.
The response o f muscle groups to v ib ra t io n  exposure a t  v a rio u s 
freq u en cies  and in t e n s it ie s ,  was the same fo r  both co n d itio n s 
of the  experim ent ( i , e ,  where the su b je c t was r e s tr a in e d  o r 
unrestrained by harness in  the v ib ratin g  s e a t ) .
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4 ,4  D iscussion
The experim ents which have been d escrib ed  in  th i s  chapter have 
dem onstrated very  c le a r ly  th a t  a t  c e r ta in  freq u en c ies  co n s tan t 
am plitude wholembody vibration causes an in c re a se  in  pulmonary 
v e n t i la t io n  in th e  experim ental subject. Thus, i t  has been shotm 
th a t  w ith  v ib ra t io n  exposure a t  fo rc in g  freq u en c ies  of 6 , 8 and 10 
Hz th e re  was a marked in c re a se  in  mean v alues of roinute volume 
v e n t i la t io n ,  t i d a l  volume and r e s p ir a to ry  frequency w ith  the 
maximum changes in  th e se  v alues o ccu rrin g  a t  th e  h ig h e s t  fo rc in g  
frequency (lOHz) used in th i s  s tu d y . The r e s u l t s  in d ic a te  that 
a t  those  freq u en c ies  of vibration pulmonary v e n t i la t io n  reached 
aiaximura v a lu es a f t ë r  about 5 m nuteo  of v ib ra t io n  and th e r e a f te r ,  
dec lilted in magnitude towards the end of the  v ib ra t io n  period*
The r e s u l t s  show th a t  a f t e r  f iv e  m inutes of v ib ra t io n  a t  frequen­
c ie s  of 6, 8 and 10 Ha th e re  was an in c re ase  in  m inute voliuTie 
v e n t i la t io n  of 35%, 63% and 80% re s p e c tiv e ly  over v a lu es  ob ta ined  
w ith  the  s u b je c t  a t  r e s t .  A fte r  ten m inutes of v ib ra t io n  a t  these  
freq u en c ies  the  in c re a se  in  m inute volume was reduced to  18,5%, 
61.5% and 67% of r e s t in g  c o n tro l values a t  6, 8 and 10 Hz re sp e c ­
t iv e ly ,  Tlie magnitude of the  changes in  minute volume ventila™  
tio îi observed during  this a e r ie s  of experiments was s im ila r  to  th a t  
ob ta ined  by p rev ious workers (S rnating^ 1961| Hoover & Ashe, 1962) 
who exposed th e i r  subjects to  co n s tan t am plitude vjIioIe-body 
v ib r a t io n .  In  the  p re se n t study  i t  was found th a t  the  in c re a se
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iïi m inute volume v e n t i la t io n  was brought about by in c re a se  in  both  
t i d a l  volume and r e s p ir a to ry  frequency during  th e  p e rio d  of 
v ib ra t io n . This f in d in g  i s  in  agreement w ith  th a t  o f Hoover & 
Ashe, 1962 b u t d i f f e r s  from th a t  of E ra s tin g  (1961) who rep o rted  
th a t  th e  in c re a se  in  m inute volume v e n t i la t io n  ob ta in ed  in  h is  
su b je c ts  during  th e  v ib ra t io n  p eriod  was produced la rg e ly  by an 
in c re a se  in  t i d a l  volume. In  the  p re se n t study, th e re  was a 
moderate increase in  t i d a l  volume a f te r  the  o n se t of v ib ra t io n  a t  
freq u en c ies  o f 6, 8 and 10 Hz, and this increase was su s ta in e d  
alm ost unchanged throughout the e n t i r e  p erio d  of v ib r a t io n .  I t  
i s  b e liev ed  th a t  a t  l e a s t  part of the  in c re a se  in t i d a l  volume 
can be exp la in ed  on the basis of superimposition of oscillations 
upon the  r e s p ir a to ry  flow at the  fo rc in g  frequency. In h ie  
investigations, E rn s tin g  (1961) showed th a t  such oscillatory 
volume of gas r e s u l te d  from involuntary movement o f v is c e ra  in  and 
o u t o f the th o ra c ic  cage with each cycle  o f v ib r a t io n ,  thus 
d riv in g  gas in to  and ou t o f the lungs, He dem onstrated however 
th a t  the superim posed o s c i l la to r y  volume of gas during  the 
v ib ra t io n  p e rio d  was fo r  th e  most p a r t  e f f e c t iv e  only  in ventila­
ting th e  fu n c tio n a l dead space and could n o t th e re fo re  be respon­
sible fo r  the  hyper-ventilation which he observed in h is  
experiments. This f in d in g  was supported by the studies o f Hoover 
& Ashe (1962). By contrast, th e  changes in  r e s p ir a to ry  frequency 
induced by whole-body v ib ra t io n  in  th e  p re se n t study  match th e
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changes observed in  minute volume ventilation. Tims, the in c re ase  
in  r e s p ir a to ry  frequency which occurred  during  exposure o f the 
su b je c t to  c e r ta in  co n d itio n s  of whole-body v ib r a t io n ,  reached a 
maximum v alu e  a f t e r  about five m inutes of v ib ra t io n  and th e re a f te r  
d ec lin ed  in value  towards the end of the t o t a l  p e rio d  o f v ib ra tio n  
exposure. This observation s tro n g ly  suggests th a t  the change in 
respiratory frequency was the  predominant f a c to r  controlling the 
change in  pulmonary v e n t i la t io n  observed during  th e  v ib ra t io n  
period* although  an increase in  t i d a l  volume undoubtedly c o n t r i ­
bu ted  to th is  phenomenon but to  a lesser extent.
In  th e  p re se n t c o n te x t, one of the most important results 
obta ined  in  th is  s e r ie s  of experiments concerns the r e la t iv e  
in c re a se  in pulmonary v e n t i la t io n  produced by a given combination 
of frequency and amplitude of v ib ra t io n  which was g re a te r  than  the  
corresponding In c rease  in  m etabo lic  oxygen u p tak e . This provides 
evidence th a t  w ith  exposure to  v ib ra t io n  a t  frequencies of 6 , 8 
and 10 Ez t ru e  hyper-ventilation was induced in the  experim ental 
s u b je c t and this is supported  by the  fin d in g  o f a g re a te r  in c re a se  
in  carbon d iox ide p roduction  than in  m etabo lic  oxygen uptake as 
r e f le c te d  by the  values of r e s p ir a to ry  exchange ratio during  th ese  
co n d itio n s of v ib r a t io n .  Further evidence of hyperventilation 
i s  provided by the  marked red u c tio n  in values of pulmonary venti­
lation and respiratory exchange r a t io  below their re s p e c tiv e  
c o n tro l values in  the  recovery p erio d  fo llow ing  co n d itio n s  of
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v ib ra t io n  in  which the pulmonary v e n t i la t io n  was r a is e d ,  These 
f in d in g s  agree -with those of the few prev ious au th o rs  who have 
exposed human su b je c ts  to  whole-body v ib ra t io n  a t  v a rio u s frequen­
c ie s  and in te n s i t i e s  (B uffner e t  al, 1962; Dixon e t  al, 1961; 
B rn s tin g , 1961; H ornick, 1961; Lamb & Tenney, 1966; Hood e t  a l  
1966) and who g en e ra lly  agree th a t  the minute volume v e n t i la t io n  
in c re a se s  beyond th a t  expected  on the, b a s is  o f oxygen consumption 
a lo n e . In  many cases however the evidence for tru e  hyper­
v e n t i la t io n  o ccu rrin g  during  the p erio d  of vibration exposure 
lias been c irc u m s ta n tia l  and i l l - d e f i n e d , One o f the  most con­
v inc ing  dem onstrations th a t  tru e  h y p e rv e n tila t io n  could be induced 
by whole-body v ib ra tio n  was th a t  given by E rn s tin g  (1961) who 
measured e n d -ex p ira to ry  and a r t e r i a l  carbon d iox ide  p a r t i a l  pressure 
in  su b je c ts  exposed to  co n s tan t amplitude v ib ra t io n  and recorded  
values of a r t e r i a l  carbon d iox ide p a r t i a l  p re ssu re s  o f le s s  than 
25 vm Hg a f t e r  2 minutes of v ib ra t io n  a t  about 1 Gz acceleration 
aïïq>litude a t  9 ,5  Hz. In  the p re se n t escperiments, i t  has been 
shown th a t  exposure o f su b je c t to  vibration at freq u en c ies  
6 , B and 10 Uz (acee le ra tio n -am p litu d es^  ^  0 ,4 9 , 0,89 and
_j* 1,43 Gz re s p e c tiv e ly )  caused a s ig n i f ic a n t  red u c tio n  in  end 
t i d a l  carbon d iox ide te n s io n  wi'Ui maximum red u c tio n  in  th ese  
values a t  a fo rc in g  frequency of 10 Ha, At th e se  freq u en c ies  
the  mean red u c tio n  in e n d - t id a l  carbon d iox ide  te n s io n s  were 
3 ,2 ; 6,1  and 6 ,4  wm Hg fo r  frequencies o f 6, 8 and 10 Hz
re s p e c tiv e ly . In  th re e  su b je c ts  m oderately severe
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symptori^ o f hypocapaia ( t in g lin g  o f extremities* fe e l in g  o f detach­
ment) occurred  during  v ib ra t io n  a t  a frequency of 10 Hz. In  the 
su b je c ts  who showed symptoms of hypocapxila* the end e x p ira to ry  carbon 
d iox ide  ten sio n s  fell from values of 38 -  40 mm Hg ob ta ined  a t  re s t*  
to  v a lues of 28 32 irrm Hg ob ta in ed  during the experim enta l v ib ra ­
tio n  period. This f in d in g  provides convincing evidence that: moderate 
to  severe hyperventilation and hypocapnia can occur with exposure o f 
the su b je c t to  who1e-body* co n s tan t amplitude v ib ra t io n  particularly 
a t  h ig h e r i n t e n s i t i e s ,
A nuaiber o f suggestions have been advanced by p rev ious workers 
to explain the mechanisms responsible for the occurrence of hyper- 
v e n t i la t io n  during  exposure to  low frequency structure-borne w hole- 
body v ib ra tio n *  although the exact: cause still remains obscure .
One f a c to r  which has been considered  r e la te s  to  the  an x ie ty  invoked ‘ 
in the  s u b je c t  by v ib ra t io n  e s p e c ia l ly  at the h ig h e r  i n t e n s i t i e s  
which a re  l i a b le  to  cause d iscom fort and fran k  pain. The r e s u l t s  
obtained in the present experiments do not however support anxiety 
as a cau sa tiv e  f a c to r  in v ib ra t io n  induced hyperventilation. Thus* 
a l l  the  su b je c ts  used in  the  p re se n t study were highly experienced* 
and in the  answers g iven in th e  q u es tio n n a ire  on completion of each 
v ib ra t io n  exposure all denied an x ie ty  as a f a c to r  p re s e n t.  In  
add ition*  examination of th e  reco rd  o f ca rd iac  frequency ob ta ined  
during the p erio d  of rest and during the  t r a n s i t io n  from r e s t  to 
v ib ra t io n  at; each frequency* f a i l e d  to  re v e a l any * an tie ip a to ry *
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in c re a se  in  h e a r t  r a te  during th a t  time * and th is  would a lso  support 
th e  b e l i e f  th a t  an x ie ty  was either minimal o r  a b se n t. Although 
measurements of c a rd ia c  frequency ob ta ined  during  v ib ra t io n  es^os- 
ure of th e  s u b je c t  a t  each frequency showed a s ig n i f i c a n t  In crease  
w ith  exposures a t  freq u en c ies  of 6* S and 10 Hz* in c re a se s  in  
h e a r t  r a te  of s im ila r  magnitude were obtained, by Hood* Murray* 
Urschell, Bowers & Clark* (1966) and by Clark* W illiams* Hood & 
Murray* (1967) in  t h e i r  studies. These workers a lso  measured mean 
a r t e r i a l  blood pressure and ca rd iac  output during each v ib ra t io n  
co n d itio n  and b e lie v e d  th a t  the  r i s e  in  c a rd iac  frequency observed 
in t h e i r  experim ents was a p h y s io lo g ica l response induced by w hole- 
body v ib ra t io n  and not in  any way a sso c ia te d  w ith  an x ie ty . As 
fu r th e r  support of th is  b e l ie f*  th ese  authors r e p o r t  th a t  v ib ra ­
t io n  o f the  anaesthetised dog ( a t  a frequency and in te n s i ty  of 
v ib ra t io n  which induced h y i> arven tila tion  in  man) caused marked 
h y p e rv e n tila t io n  in  the anim al under cireuraatances in  which 
c lea rly *  a n x ie ty  could be ru led  ou t as a ca u sa tiv e  f a c to r .  I t  
was th e re fo re  considered  th a t  an x ie ty  was n o t a  ca u sa tiv e  f a c to r  
In  the  h y p e rv e n tila t io n  observed in  the  p re se n t s e r ie s  of e x p e ri­
ments «
A number of au tho rs have suggested  th a t  h y p e rv e n tila t io n  
during whole-bocly v ib ra t io n  may a r is e  as a r e s u l t  of s tim u la tio n  
of c e r ta in  m echanoreceptors through m echanical d i s to r t io n  o f 
tissues w ith  a r e f le x  in c re a se  in  pulmonary v e n t i la t io n  beyond the
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requirem ents of th e  body. Although th e  e x is te n c e  of such a 
machanism has never been proved* i t  would be expected  th a t  i t  
would e x e r t  the  g r e a te s t  e f f e c t  on v e n t i la t io n  in the situation 
where th e re  is  maximal d i s to r t io n  or movement o f t is s u e s  and 
organs of the body ™ i.e. at; a m ajor resonance. In  the  review of 
th e  literature, i t  was shown th a t  such a resonance In  th e  se a ted  
human body occurs a t  a fo rc in g  frequency of 4 -  5 He and vibra­
tion a t  th is  frequency produces maximum te n s i le  and compres™ 
s io n a l strain which m ight be expected to  a c t iv a te  p ro p rio c ep to rs  
o f the  type suggested  as re sp o n s ib le  fo r  the  r e f le x  h y p e rv e iitlla -  
tion. In the present series of experiments, however, the 
g re a te s t  degree of h y p e rv e n tila t io n  was, ob ta ined  n o t a t  resonant 
b u t a t  co n s id e rab ly  h ig h er frequencies of vibration. This f a c t  
suggests th a t  the h y p e rv e n tila t io n  i s  r e la te d  more to  the  
intensity of the v ib ra t io n  r a th e r  than to  a pure resonance 
phenomenon involv ing stim ulation  of machanoreceptors w ith reflex 
in c re a se  in  v e n t i la t io n .  Indeed, prev ious a ttem p ts  to  demon­
strate such a mechanism have failed. Thus, Laitîb & Tenny, (1966)
c a r r ie d  o u t a s e r ie s  of expariiuents in  which they  applied 
v ib ra t io n  to  v ario u s p a r ts  of the  body and observed the  r e s p i r a ­
to ry  response of the su b je c t to  th is  v ib ra to ry  s tim u lu s .
V ib ra tio n s a t  v a rio u s freq u en c ies  and in t e n s i t i e s  ap p lied  to  the 
lower limbs alone, caused a moderate in c re a se  in m inute volume 
v e n t i la t io n  which was however p ro p o rtio n a l to  the  In creased
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m etabo lic  oxygen consumption and th e re fo re  n o t a t ru e  hyper™ 
ventilation. In a fu r th e r  a ttem pt to lo c a te  th e  anatom ical 
s i t e  o f p o s s ib le  m echanoreeeptors which m ight be re sp o n s ib le  fo r  
r e f le x  hyperventilation, these  workers v ib ra te d  the abdominal w all 
of a s u b je c t  by means of an a n t i  G s u i t  the abdominal b lad d er of 
which was in f la te d  by a s in u so id a l a i r  pump o p e ra tin g  a t  a 
frequency of 6 Hz. V ib ra to ry  s tim u la tio n  o f the  abdominal wall 
a t  i n t e n s i t i e s  co n sid erab ly  h ig h e r than  those  invoked by w hole- 
body v ib ra t io n  a t  th is  frequency , f a i le d  to  induce hyper­
v e n t i la t io n  in the  experim ental s u b je c t .  In  a fu r th e r  study  by 
th e se  a u th o rs , th e  a p p lic a tio n  of abdominal b in d e rs  to  the  su b je c t 
during  a p e rio d  o f v ib ra t io n  (Imown to  cause h y p e rv e n tila t io n )  
f a i le d  to  reduce the degree of h y p e rv e n tila t io n  induced in the  
subject. On th a t  experim ent the e f f e c t  of applying  abdominal 
b in d ers  to  the s u b je c t would be to  reduce the  amplitude of 
o s c i l l a t io n  of the  abdominal w all and to  a l t e r  the  resonant 
frequency of the  tho raco -abdominai system s. In  turn* th is  
might have been e:qpeeted to  change the  n a tu re  or magnitude of 
the  h y p e rv e n tila t io n  induced by whole-body v ib ra t io n  i f  the  
c a u sa tiv e  f a c to r  was s tim u la tio n  o f Biechaaoreceptors contained 
in  the  abdominal w a ll v is c e ra  or diaphragm. No such change was 
observed, however* in  the  experim ents d esc rib ed  by Lamb& Temiy, 
and they considered  th a t  i t  was h ig h ly  unlikely th a t  any
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s p e c if ic  re c e p to r  s i t e  fo r  low frequency v ib r a t io n  e x is ts  in  th e  
body.
O bservations made during  the p re se n t s e r ie s  o f experim ents 
suggest th a t  h y p e rv e n ti la t io n  induced in  tiie s u b je c t  during  
whola-body v ib ra t io n  may be exp lained  on the  b a s is  o f sh eer d is ­
com fort experienced  by th e  e^q^erimental s u b je c t  a t  c e r ta in  f r e ­
quencies and i n t e n s i t i e s .  Tlius i t  has been shown th a t  th e re  i s  
a r e la t io n s h ip  betojeen th e  magnitude of the  v ib ra t io n  stim ulus 
and th e  v e n t i la to ry  resp o n se . ho in c re a se  in  pulmonary v e n t i la t io n  
has been found w ith  v ib ra t io n  a t  freq u en c ies  o f 2 and 4 Hz 
( in te n s i t i e s  ^  0 .05 G and 1.43 G re s p e c tiv e ly )  although a t  
h ig h e r freq u en c ies  (6 , 8 and 10 Hz) th e re  was a marked in c re a se  
in  pulmonary v e n t i la t io n  (which was tru e  h y p e rv e n t i la t io n ) , the 
g r e a te s t  changes being found a t  the  v ib ra t io n  exposure of g r e a te s t  
frequency and in te n s i ty  (10 Hz) • During essposure to  v ib ra tio n s  
a t  high frequency and in te n s ity *  the s u b je c t com plained of acu te  
d iscom fort p a r t i c u la r ly  in  the  abdomen and c h e s t ,  This d is ­
com fort was ra p id  in  o n se t a f t e r  the  s t a r t  of v ib r a t io n  and 
remained e i th e r  unchanged o r became more in te n se  as the  v ib ra t io n  
exposure con tinued . I t  i s  g e n e ra lly  accep ted  th a t  d iscom fort 
and p a in  can cause an in c re a se  in  th e  r a t e  and depth o f b rea th in g  
and I f  o f s u f f i c ie n t  in te n s i ty  can lead  to  h y p e rv e n tila t io n  and 
hypocapnia. I t  i s  b e lie v e d  th a t  in  the p re se n t experim ents th e
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magnitude o f d iscom fort and p a in  experienced by the  su b je c ts  
during  exposure to  co n sta n t am plitude v ib ra t io n  a t  frequencies of 
6* 8 and 10 He: was sufficient to  explain the  h y p e rv e n ti la t io n  and 
this ia  o ffe re d  as the  most likely f a c to r  re sp o n s ib le  fo r  the  
occurrence of the phenomenon.
In  connection  w ith  the v e n t i la to ry  response of su b je c ts  
exposed to  low frequency whole-body v ib ra tio n *  the  e f f e c t s  of 
firm  r e s t r a i n t  by a s e a t  harness is  of co n s id e rab le  p r a c t ic a l  
interest in a v ia tio n  m edicine. E rnstiiig  (1961) suggested  th a t  
th e  hyperventilation induced by c e r ta in  co n d itio n s  of who1e-body 
v ib ra t io n  m ight be avoided or reduced i f  the subject could 
he s u i ta b ly  r e s tr a in e d  in  the vibrating seat, and lie suggested  
th a t  a form al s tudy  along th e se  lines m ight yield in fo rm ation  
o f co n s id e rab le  importance to  the p ro te c tio n  of a irc rew  f ly in g  
in  co n d itio n s  o f v ib ra t io n  a t  h igh  speed and low level. In  
the  p re se n t s e r ie s  o f experim ents a ty p ic a l  a i rc ra f t :  s e a t  
harness was used which a ffo rd ed  e x c e lle n t  r e s t r a i n t  o f the 
subjectA s to rso  in  the  v ib ra t in g  s e a t .  The r e s u l t s  have sliovm 
however th a t  the  use of firm restraint f a i le d  to  reduce the 
p a in  and d iscom fort a s so c ia te d  w ith  whole-body vibration a t  
c e r ta in  freq u en cies  and in te n s i t i e s  and d id  n o t protect the 
s u b je c t from the  h y p e rv e n tila t io n  and hypocapnia induced by 
whole body v ib ra t io n  a t  th ese  freq u en c ie s . Although i t  i s  
b e liev e d  th a t  f irm  r e s t r a i n t  o f the su b je c t in  an a i r c r a f t  s e a t
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w i l l  p ro te c t  him a g a in s t  a nuHber of the  in ju r io u s  e f f e c t s  of 
whole-body v ib ra t io n  ( p a r t ic u la r ly  w ith  h igh  in te n s i ty  ’j o l t i n g ’ 
type of v ib ra tio n )  i t  i s  r e g r e t ta b ly  q u ite  c le a r  th a t  no such 
p ro te c tio n  w i l l  be o ffe re d  by harness r e s t r a i n t  a g a in s t  the 
r e s p ir a to ry  changes induced by lov? frequency whole-body v ib ra t io n  
which can occur w ith  lo w -lev e l h igh-speed  f l i g h t .
The r e s u l t s  o f the  p re se n t in v e s t ig a t io n  confirm  the f in d in g s  
o f p rev ious workers th a t  whole-body v ib ra t io n  a t  c e r ta in  freq u en cies 
and in t e n s i t i e s  induces an in c re a se  in  oxygen consum ption.
E arly  re se a rch  workers in  Germany observed th a t  severe  whole-body 
v ib ra t io n  could  in c re a se  m etabo lic  a c t iv i ty  In  experim en ta l 
s u b je c ts . In  more re c e n t measurements o f oxygen consumption 
during  whole-body v e r t i c a l  v ib ra t io n  a t  in f ra s o n ic  freq u en c ies  
the  observed in c re a se s  have been r e la te d  to  th e  in te n s i t y  of 
v ib ra t io n  bo th  in  man (D uffner e t  a l  1962* E rn s tin g  1961* Gaeuman 
e t  al* 1962) and in  anim als (G arter a t  a l  1961), 1 m s tin g
recorded  a  s ig n i f ic a n t  in c re a se  only  a t  fo rc in g  a c c e le ra tio n s  
exceeding 0*5 G a t  a  frequency of 9*5 Gz* w hile  Gmeuman and h is  
co™workers re p o rte d  a  f a i r l y  l in e a r  in c re a se  in  oxygen consumption 
w ith  v ib ra t io n s  a t  in c re a s in g  freq u en c ies  from 6 to  15 Hz a t  a 
f ix ed  displacement™ amplitude o f ^  0.132 in* th e  fo rc in g  
a c c e le ra t io n  rang ing  from 0 .46 to  ^  2 .88 G. In  th e  p re se n t 
experim ents, the  n a tu re  o f v ib ra t io n  exposure was s im ila r  to  
th a t  employed by Gaeuman and h is  co-workers* and th e  r e s u l t s
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o b ta ined  fo r  m etabo lic  oxygen uptake were a lso  s im ila r .  Thus* 
when the  su b je c t was exposed to  v ib ra t io n  a t  a c o n s ta n t am plitude 
d isp lacem ent and freq u en c ies  of 2 and 4 Hs th e re  was no s ig n i f ic a n t  
d if fe re n c e  between values fo r  oxygen uptake o b ta in ed  w ith  the 
s u b je c t a t  r e s t  and during the p erio d  o f v ib ra t io n  exposure.
During exposure to  v ib ra tio n s  a t  freq u en cies  o f 6* 8 and 10 Hz 
th e re  was* however, a marked in c re a se  in  the  oxygen consumption 
which was f a i r l y  l in e a r  w ith  in c re as in g  frequency . Hie energy 
expended by the  s u b je c t during  exposure to  v ib ra t io n  a t  the 
h ig h e r in t e n s i t i e s  used in  th i s  study is  s im ila r  in  magnitude to  
th a t  expended by the p i l o t  o f a fix ed  wing o r ro ta ry  wing a i r c r a f t  
during  the  most e n e rg e tic  and demanding phases o f f l i g h t  ( e .g .  
in stru m en t approaches, corbat: and emergency s i tu a t io n s *  e tc * ) .
C onsiderab le i n t e r e s t  surrounds the n a tu re  of the  mechanisms 
re sp o n s ib le  fo r  the in c reased  m etabolic  oxygen uptake induced by 
who1e-body v ib ra t io n  a t 'c e r t a i n  freq u en cies  and i n t e n s i t i e s .  In  
p rev ious s tu d ie s  (E rnsting* 1961; Caeimaxi a t  a l ,  1962) the  
su b je c ts  exposed to  experim ental v ib ra t io n  s a t  u n re s tra in e d  
e i th e r  on the  p la tfo rm  of the  v ib ra to r  o r on a sim ple u p r ig h t 
s e a t  mounted th e reo n . In  bo th  th ese  p rev ious in v e s tig a tio n s  i t  
was suggested  th a t  the  in c reased  m etabolic  a c t i v i t y  observed 
during  the  p erio d  of v ib ra t io n  m ight be due to  th e  m uscular 
e f f o r t  req u ired  by the s u b je c t to  m ain ta in  h ia  p o s tu re  in  the 
face  of v io le n t  shak ing . This ex p lan a tio n  fo r  r a is e d  m etabo lic
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a c t iv i ty  was a lso  advanced by D uffner a t  a l  (1962) who rep o rted  
a la rg e  in c re a se  in  m etabo lic  osqrgen consmnption a t  low freq u en cies  
r a th e r  than  a t  re so n an t freq u en c ies  during  exposure o f  th ese  
esqjerim ental su b je c ts  to  c o n s ta n t a c c e le ra tio n  who l e -body v ib r a t io n .
In  th i s  l a t t e r  s tudy  la rg e  v e r t i c a l  d isp lacem ents o f the  v ib ra t io n  
p la tfo rm  were needed to  o b ta in  the  a c c e le ra tiv e  fo rc es  a t  the  low 
freq u en c ies  used in  th e i r  ejsperim ents, The r e s u l t s  ob ta ined  in  
th e  p re se n t experim ent su g g est th a t  m uscular e f f o r t  re q u ire d  by 
th e  su b je c t to  m ain ta in  p o s tu re  i s  n o t th e  prim ary f a c to r  re sp o n s ib le  
fo r  the in c reased  m etabo lic  a c t iv i ty  during  th e  p e rio d  of whole™ 
body v ib r a t io n .  Thus* i t  has been shown th a t  a t  freq u en c ies  o f 
6* 8 and 10 Hz, v ib ra t io n  o f th e  su b je c t f u l ly  r e s tr a in e d  by a 
harness in  the  v ib ra t in g  s e a t  produced in c re a se s  in  the va lues  o f 
m etabo lic  oxygen uptake which were of the  same m agnitude as th e se  
o b ta in ed  w ith  th e  s u b je c t u n re s tra in e d  in  th e  s e a t  and exposed 
to  v ib ra t io n  a t  th ese  same fre q u e n c ie s . In  th e  c o n d itio n  in  
which the  su b je c t was f u l l y  r e s tr a in e d  in  th e  v ib ra t in g  s e a t  
v i r tu a l ly  no m uscular e f f o r t  was req u ired  to  m a in ta in  h is  p o stu re  
in  the  fa ce  of v ib r a t io n ,  A second p o s s ib le  ex p lan a tio n  fo r  the  
r a is e d  m etabo lic  a c t iv i ty  during  whole-body v ib ra t io n  has been 
considered* and th i s  r e la te s  to  th e  in c rease d  m uscular work 
involved in  exchanging la rg e r  q u a n t i t ie s  of gas in  and o u t of 
the lungs during  v ib ra t io n  exposure. Cherniak (1959) showed 
th a t  th e  work o f b re a th in g  accounts f o r  on ly  a v ery  sm all percen tage
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of the o v e ra l l  m etabo lic  oxygen consumption in  man, and an 
ex p lan a tio n  fo r  the  Increased  m etabolic a c t i v i t y  during  v ib ra tio n  
must be sought e lsew here .
The r e s u l t s  ox the p re se n t in v e s t ig a t io n  su p p o rt the  hypo­
th e s is  th a t  the  in c re a se  in  m etabolic  oxygen consumption during  
v/liole-body v ib ra t io n  i s  a r e s u l t  of in c reased  m uscular tension* 
which i s  u n re la te d  to  th e  maintenance of p o s tu re  and may be e i th e r  
v o lu n ta ry  o r in v o lu n ta ry  in  n a tu re . In  h is  e a r ly  s tu d io s  GBriimm 
(1940) observed th a t  on exposure to  whole-body v ib ra t io n  a t  c e r ta in  
freq u en cies  a g e n e ra lise d  in c re a se  in  m uscular te n s io n  occurred 
in  th e  s u b je c t  alm ost as soon as the v ib ra tio n  commenced. In  
the  p re se n t experim ents * a n a ly s is  of h igh speed c in e  f i lm  taken 
during  each v ib ra t io n  exposure of the  experim enta l su b je c t showed 
th a t  a s im ila r  phenomenon o ccu rred , w ith  a l te r n a te  te n s in g  %md 
re la x a tio n  of v a rio u s m uscular groups throughout the  e n t i r e  p erio d  
of v ib ra t io n  a t  freq u en c ies  o f 6* 8 and 10 Hz. The muscle groups 
involved and the  d u ra tio n s  o f m uscular te n s io n  and re la x a tio n  
v a rie d  co n s id erab ly  w ith  the n a tu re  of the fo rc in g  v ib r a t io n .
At th e  h ig h e s t in te n s i ty  o f v ib ra t io n  ( a t  a frequency o f 10 Hz) 
i t  was no ted  th a t  th e re  was co n s id erab le  te n s in g  of the muscle 
groups in  the  upper and lower lim bs, c h e s t, abdomen and back 
in  response to  th e  v ib ra t io n  and th a t  the observed m uscular 
c o n tra c tio n  was su s ta in e d  fo r  co nsiderab ly  longer p erio d s w ithou t 
r e la x a tio n  a t  the  h ig h er freq u en c ies  than a t  lower freq u en cies
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of v ib r a t io n .  I t  i s  b e liev ed  th a t  th is  phenomenon i s  re sp o n s ib le  
fo r  th e  in c reased  m etabo lic  a c t iv i ty  observed during  whole-body 
v ib ra t io n  a t  freq u en c ies  o f 6* 8 and 10 Hz.
The n a tu re  of the  m uscular response by the  s u b je c t during  
whole-body v ib ra t io n  i s  obscure* although arguments can be made 
th a t  th i s  may be p a r t ly  voluntary* as a  p ro te c t iv e  mechanism* 
and p a r t ly  in v o lu n ta ry  due to  a r e f le x  i n i t i a t e d  by s tim u la tio n  
of m echanoreceptors* In  support of the  f a c t  th a t  muscle ten s in g  
in  the  face  o f h igh  in te n s i ty  v ib ra t io n  i s  p a r t ly  voluntary*  i t  
has been dem onstrated in  th is  in v e s t ig a t io n  th a t  when asked to  
do so th e  su b je c t was ab le  to  re la x  h is  m usculature v o lu n ta r i ly  
fo r  a s h o r t  p erio d  during  which the  muscle masses ex h ib ite d  marked 
movement a t  approxim ately  th e  fo rc in g  frequency o f v ib r a t io n .
In  each case* however* th e  su b je c t complained th a t  d e l ib e ra te  
re la x a tio n  o f m usculature in  th i s  way in te n s i f ie d  the  p a in  and 
d iscom fort in  abdomen* chest* head and neck p a r t i c u la r ly  during  
exposure to  v ib ra t io n  a t  h igh  a c c e le ra tio n  am plitudes. I t  i s  
p o ss ib le  th a t  v o lu n ta ry  ten s in g  o f muscles may be a p ro te c tiv e  
mechanism which can modify the tran sm iss io n  o f th e  v ib ra t io n  
through the  body to  c e r ta in  more v u ln e rab le  p a rts*  or reduce 
the  d iscom fort which r e s u l t s  from movement o f la rg e  groups of 
muscle and o v erly in g  t is s u e s  during  exposure to  h igh  in te n s i ty  
v ib r a t io n .
1 6 0 ,
While pert of the inqroos® in mmqular activity during whole- 
body vibration may be a volantary RiachaniD%%$ tliora i@ ovWanee 
from the iiteratnm  which 8u#@@ta that there may algo ha toms 
involuntary rafltx mwaaular Wnaing# %o work of Oni&n&rd and 
Travora (1959) Ima ahown that oxpoenro of eeatml experimental 
GubjoGto to vibration at frequencie# of 2 -  10 Rt with a constant 
amplitude diaplacamnt of * 0,33 cm a lic ita  cynchrout ttrotch 
raflcxee from r&B&ing, pookwral muaclo (qwadricopo) in th& limbo,
TÎW amont of myotatic activity which they obtained in their 
oxporimoat varied with the intenoity of the applied vihmtiqa and 
cocld be mdvcod daring wholo-body vibration by res training d if-  
fomntial movcmat of the lower liW)c, I t  is  tempting to 
opcculato that reflex mmoalar contraction of the involuntary 
type ho initiated by modiacical distortion of tiaoues acting
poaaibly through omoGle cpindlea# In this connection, i t  ic  
worthy of note that Lippold# &edfaain& v^ nco (1958) recorded 
mwcclo epindlo diechargo activity in the cat daring einnaoidal 
aaacla a tretching, which was freqnency dependent and had m&xim&l 
facilitation  at a fveqaoncy of 11 He. While the oeenrranee of 
reflcK involontary muacalor contraction during whalo- b^ody vibration 
at certain freqaencioa w e t  reimin epecnlative» the poeoibility  
of each a mchaniam contribnttng to the increased metabolic 
activity fonnd in theae conditions cannot be tnlcd out.
The practical importance in the finding of incrcaaed wacular
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a c t iv i ty  during  exposure to  whole-body v ib ra t io n  l i e s  in  th e  
e f f e c t  which th is  may have on a p i l o t  re q u ire d  to  f ly  a t  h igh 
speed and low le v e l  through tu rb u len ce . In  th e se  co n d itio n s
in v o lu n ta ry  or v o lu n ta ry  te n s in g  of m usculature could be a 
s ig n i f ic a n t  f a c to r  c o n tr ib u tin g  to  f a t ig u e .
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CHAPTER 5
The m odifying e f f e c ts  of thoraco-^abdominai 
support on th e  r e s p ir a to ry  changes induced by c o n s ta n t-  
amp1itu d e  whole-body v ib ra t io n
5*1 In tro d u c tio n
In  the  p rev ious ch ap ter i t  was s'homi th a t  exposure of an 
experim ental a u'b j  a e t  to  cons tan  t - amp 11 fcude who le -b ody v ib ra  tio n  
a t  freq u en c ies  between 2 and 10 caused an in c re a se  in  
pulmonary v e n t i la t io n  a t  c e r ta in  freq u en c ies  * Furtherm ore, i t
was showi th a t  under th ese  circum stances th e re  was a tru e  hyper­
v e n t i la t io n  w ith  hypocapnia of s u f f ic ie n t  magnitude as to  cause 
symptoms in  some su b jec ts*  I t  was a lso  shown th a t  a t  these  
freq u en cies  of v ib ra t io n  in  which th e re  x-yas h y p e rv e n tila tio n ^  the 
experim ental s u b je c t experienced  co n s id erab le  d iscom fort in  the 
c h e s t and to  a le s s e r  e x ta n t in  the abdomen and back . I t  was 
suggested  th a t  th i s  pain  and clisccmifort a r is in g  during  exposure 
o f the  su b je c t to  v ib ra t io n  a t  'higher in t e n s i t i e s  m ight be 
re sp o n s ib le  fo r  th e  observed h y p e rv e n tila t io n  and hypocapnia.
I f  such a hyp o th esis  i s  true*  then i t  m ight be expected th a t  i f  
s te p s  were taken to  reduce the  degree of d iscom fort which a r is e s  
during  v ib ra t io n  a t  c e r ta in  freq u en cies then  th is  m ight a lso  reduce 
or e lim in a te  the  h y p e rv e n tila t io n  and liypocapnia observed in  the 
experim ental sub jec t*  In  the  design  of the experim ents describ ed  
in  th i s  chapter*  c o n s id e ra tio n  was given to  the p o s s ib i l i t y  th a t
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i f  f irm  su p p o rt was given to  the tho rax  and abdomen o f a su b je c t 
during  v ib ra t io n  then  th i s  m ight reduce the  d iscom fort and in  
tu rn  modify th e  r e s p ir a to ry  changes induced by the  v ib r a t io n .
There is  some evidence both  s c i e n t i f i c  and apocryphal th a t  
abdominal support in c re a se s  th e  human to le ra n c e  to  whole-body 
s tru c tu re -b o rn e  v ib ra tio n *  a t l e a s t  in  th a t  part of th e  frequency 
spectrum  which co n ta in s  the  freq u en cies o f m ajor body resonance 
in  man (N ickerson & Coermnn* 1962; Roamn@ 1958). I t  has th e re ­
fo re  been argued th a t  the  use of some kind o f abdominal r e s t r a in in g  
dev ice mi.ght improve the com fort and e f f ic ie n c y  o f su b je c ts  
exposed to whole-body v ib ra t io n  of th i s  ty p e . Indeed* such a 
device in  the  form of an experim enta l a n t i - v ib r a t io n  abdominal 
r e s t r a in e r  was dev ised  fo r  p o s s ib le  use by a irc rew  re q u ire d  to  
f l y  in  co n d itio n s  where whole-body v ib ra t io n  may o ccu r. This 
device* te s te d  by Guignard (1964a) consisted  o f an i n e l a s t i c  
w aistband w ith  an abdominal p o r tio n  made o f in d is te n s ib le  m a te r ia l 
and supported  by th re e  se m i-r ig id  s ta y s  g iv in g  f irm  abdominal 
su p p o rt. Tlie whole of th i s  experim ental garment was tig h ten e d  
by means of Wo rows o f ad justm ent la ce s  a t  th e  back o f the  
binder* in  the  manner of a V ic to ria n  la d y ’s c o r s e t .  In  h is  
study* Guignard examined the  p ro te c t iv e  e f f e c t  o f th i s  device 
using  fo u r essperimental su b je c ts  exposed to  v e r t i c a l  s in u so id a l 
v ib ra t io n  a t  freq u en c ies  from 4.8  Hss to  15 Uz wlfdi an a c c e le ra t io n -  
am plitude o f 0 .5  G%. r e s u l t s  of th a t  s tudy  showed th a t
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exposure o f  the  s u b je c t  to  v ib ra t io n  at  c e r ta in  freq u en c ies  caused 
a marked in c reaao  in  pulmonary v e n t i la t io n  and r e s p ir a to ry  r a t a  
w ith  ro fo ra b la  to  reaonanco of abdominal and o th e r
v ia c o ra , Wearing th e  abdominal r e s t r a in in g  dovico* however* 
had no m easurabla a f f e c t  upon th e  v e n t i la to ry  reaponoo of the  
su b je c t o r  upon the  dynamic response o f the  w ea re r’s body to the  
ap p lied  v ib r a t io n .
In  an o th er in v e s t ig a t io a  (Guignard* 1964b) extended th is  
study  to  t e s t  th e  a n t i^ v lb ra to ry  e f f e c ts  of an experim enta l a n t i  
G suit* This garment was similar to the  anti G suit assembly 
worn by a irc rew  as a p ro te c t iv e  dev ice du rin g  a c c e le ra tio n  
manoeuvrca in  a i r c r a f t  and c o n s is te d  o f in f la t a b le  rub b er b lad d ers  
applied to  th e  ca lv es  * th ig h s  and abdomen of th e  w earer and 
supported by an o u te r  la y e r  o f  in d is te n s ib le  m a te r ia l ,  %n 
G uignard’s s tudy  on ly  the abdominal p o r tio n  o f th e  a n t i  G s u i t  
was used mid th is  %^ as in f la te d  to  a p re ssu re  o f  1 lb /a q ,in *
The e f f e c t  o f  w earing th is  s u i t  w ith  the abdoWmal b lad d er 
in f la te d  was te s te d  by exposing the  experim ental su b je c t to  whole- 
body v ib r a t io n  a t  freq u en c ies  from 4 ,8  to  9 ,5  Hs w ith  
a c o e lc ra tio n -am p litu d c s  o f 0 ,5  Üc and ^  1 ,0  G%. A comparison 
was made o f the e f f e c t  o f v ib ra t io n  a t  each frequency upon 
pulmonary v e n t i la t io n  w ith  and w ithou t the s u b je c t  w earing the  
experim ental an ti-G  s u i t .  In h is  study* Guignard no ted  th a t  
a t  c e r ta in  freq u en c ies  o f v ib ra t io n  th e re  was & marked in c re ase
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In  minute volume v e n t i la t io n  and r e s p ir a to ry  r a t e  and these  
r e s p ir a to ry  e f f e c ts  occurred  w hether o r n o t the  abdom iial p o r tio n  
of th e  a n t i  G s u i t  was in f la te d »  D esp ite  the  n eg a tiv e  r e s u l t s  
as reg ard s p ro te c tin g  the su b je c t from the  r e s p ir a to ry  e f f e c ts  
o f whole-body v ib ra tio n *  a su b je c tiv e  assessm ent by q u es tio n n a ire  
suggested  th a t  abdominal support d id  s l i g h t ly  reduce the  d iscom fort 
a s so c ia te d  w ith  v ib ra t io n  a t  c e r ta in  fre q u e n c ie s . In  th e se  Wo 
p rev ious experim ents* support was given on ly  to  the abdominal 
reg io n  o f the  su b je c t and no a ttem p t was made to  p rov ide support 
fo r  the  upper h a l f  o f th e  to r s o . In  th e  p re s e n t s e r ie s  o f 
experim en tsp therefore, account was taken o f the  f in d in g s  o f the  
experim enta l work d escrib ed  in  the  p rev ious chapter*  in  which i t  
was dem onstrated th a t  a t  c e r ta in  freq u en c ies  o f v ib ra t io n  the  
g r e a te s t  degree o f d iscom fort occurred  in  th e  c h e s t . In  h is  
rev iew , von G ierke (1971) supports the view that su b c o s ta l and 
au b s te riia l p a in  i s  predom inant du ring  whola-body v ib ra t io n  a t  
c e r ta in  freq u en c ies  and he b e lie v e s  th a t  th i s  d iscom fort i s  the 
prime f a c to r  l im it in g  the  a b i l i t y  of subjects to to le r a te  low 
frequency whole-body v ib r a t io n .
I t  was thought th e re fo re  th a t  the  most s u i ta b le  garment fo r  
use in  th e  p re se n t s e r ie s  of experiments would o f f e r  su p p o rt n o t 
on ly  to  the  abdomen b u t a lso  to  the c h e s t during  experimental 
v ib ra t io n  o f the s u b je c t .  Such a garment e x is ts  in  the  form of 
a s tan d ard  item  o f a irc rew  c lo th in g  (th e  conhined p a r t i a l
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p re s s u re /a n t i  G /a ir  v e n t i la te d  s u i t  Mk 2) which i s  worn by a irc rew  
as a p ro te c t iv e  dev ice should they re q u ire  to  b rea th e  oxygen 
a t  in c reased  p re ssu re  in  the  even t of emergency a i r c r a f t  p re ssu re  
cab in  f a i l u r e .  This s u i t  a lso  p rovides p ro te c t io n  a g a in s t the 
e f f e c ts  of long d u ra tio n  acceleration (by means o f a iiti-G  b lad d ers) 
and has a b u i l t - i n  a i r  v e n t i la t io n  system . I t  was thought th a t  
even w ith  the  fu n c tio n a l b ladders uninflated, the  s u i t  might o f fe r  
s u f f i c ie n t  e x te rn a l support to  the  thorax and abdomen o f a su b je c t 
as to  reduce the. d iscom fo rt experienced in these areas  during  
exposure to  v ib ra t io n  a t  certain frequencies.
In  th e  experiments d escrib ed  in th i s  ch ap te r  the  su b je c t was 
exposed to  co n s tan t-am p litu d e  whole-body v ib ra t io n  a t  frequencies 
of 2* 4, 6* 8 and 10 and acceleration-amplitudes of up to  
1,43 Hj5, The s u b je c t experienced each frequency o f v ib ra t io n  
on two o ccasio n s . On one occasion* he wore th e  combined p a r t i a l  
p r e s s u re /a n t i -G /a i r  v e n t i la te d  s u i t  while on the  other occasion  
he d id  not. During each experim ental run, measurements were 
made of pulmonary v e n t i la t io n  and end tidal carbon d iox ide tension 
and th e  r e s u l t s  ob ta ined  were compared fo r  the  co n d itio n s  where 
the subject did  and d id  n o t wear the  experim enta l s u i t .  At the  
end o f each experimental v ib ra t io n  period  the  subject was a lso  
asked to  roalce an assessm ent of the  degree of com fort/d iecom fort 
which he experienced  during  each period of vibration. The results
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o b ta ined  in  the  study  aro  rep o rted  in  th i s  ch ap te r  o f the  th e s i s .
5 .2  Methods
(a) Technique o f app ly in g to rso  support
For the  purpose o f th i s  experim ent a s tan d ard  item  of a i r ­
crew equipment was used -  the  combined p a r t i a l  p r e s s u re /a n t i  G/ 
a i r  v e n t i la te d  su it*  Mlc 2, A photograph o f a  s u b je c t  w earing 
th is  s u i t  i s  shown in  f ig u re  5 .1 .  The s u i t  i s  a o ne-p iece  garment 
covering to rso*  arms and legs* and co n ta in s  in f la t a b le  b lad d ers  
made from clilo roprene coated nylon con tained  w ith in  an o u te r  
r e s t r a in in g  la y e r  made from te ry le n e . %7o s e p a ra te  s e ts  of 
in f la ta b le  b lad d ers  a re  con tained  w ith in  the  s u it*  Üiose which 
when I n f la te d  prov ide com iterpra ssu re  to  to r s o , arms and legs 
( in  tlie even t of emergency lo ss  of cabin  p re s su re  when tiie w earer 
is req u ired  to  b rea th e  oxygen a t  in c reased  p re ssu re )  and those 
which I n f l a t e  in  o rd er to p ro te c t  the  w earer a g a in s t  the  e f f e c ts  
of a c c e le ra tio n  during  h igh  speed manoeuvres in a i r c r a f t*  'Biis 
l a t t e r  s e t  of b lad d ers  covers the  abdomen, th ig h s  and ca lves and 
can be in f la te d  q u ite  s e p a ra te ly  from the co u n te rp re ssu re  bladders 
when re q u ire d  to  do eo . The e n t i r e  s u i t  can be ad ju s ted  to  f i t  
the w ea re r’s body by means of a s e r ie s  o f la c in g  cords which run 
dovm the s id e s  o f the body and leg  portions. In  o rd e r to  allow  
donning of the suit, a s e t  of s l id in g  fasteners a re  in co rp o ra te d ; 
one f a s te n e r  running from neck to  l e f t  h ip  region, one on the
in s id e  o f each leg  and one o e t each a t  the r ig h t  and l e f t  w ris ts#  
For the  purposes o f the p re se n t experim ent the  s u i t  was f i t t e d  
to each subject and the laces were adjusted to give f irm  support 
to the torso whilst the arm and leg adjustment laces were left
r e 1a t iv e ly  1oosa *
(b) Conduct o f the experim ent
Five experim ental su b je c ts  in  the age group 23 -  38 years 
took part in  the  in v e s t ig a t io n . The experim ent was carried out 
using the mechanical v ib ra to r  and modified aircraft type ejection 
seat, details of which have been given previously in the Methods 
s e c tio n  of th ia  th e s is .  V ib ra tio n s a t  freq u en cies  o f 2 , 4* 6, 8 
and 10 were used and the  t o t a l  a^iiplitude of the v ib ra t in g  
p la tfo rm  was h e ld  c o n s ta n t a t  0,525 cm* The a c c e le ra t io n -  
am plitudes of v ib ra t io n  ranged from 4^ 0 ,05 0% a t  a frequency of 
2 Ha to  4' 1 ,43 G% at a frequency of 10 :.(z. The acceleration- 
amplitude of the applied vibration was measured at the seat of 
the s u b je c t  using a variable resistance accelerometer (range 
t  10 G) mounted on the  under su rfa c e  of the s e a t  pack in  the  
vibrating seat. The output signal from th is  accelerometer was 
suitably amplified and displayed on one channel of a Devices pen 
re c o rd e r . In  th is  way a continuous reco rd  of tlie v ib ra t io n  
a c c e le ra tio n  was ob ta in ed  throughout the  period, of v ib ra tio n  
exposure.
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FiPVLce 5. 1 . Subject wearing the  -  combined p a r t i a l  p re s s u re /  
a n t i  G/ a i r  v e n t i la te d  s u i t ,  Mk.2,
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The s u b je c t  was exposed to  wliole-body v ib r a t io n  in  Wo 
experimental c o n d itio n s . In  one co n d itio n  o f the  experim ent 
v ib ra tio n  exposure was c a r r ie d  o u t wi th  the s u b je c t  seated, 
unrestrained by h arness on the  v ib ra tin g  s e a t  w h i ls t  w earing an 
in te g ra l  p ro te c t iv e  helm et Mk 2 and a l ig h W e ig h t f ly in g  o v e r a l l .
In  the  o th e r  co n d itio n  of the e3q?erimeixt, the  s u b je c t  wore the 
experimental suit ( th e  coid>ined p a r t i a l  p r e s s u re /a n t i  6 / a i r  
v e n t i la te d  s u i t  Mi 2) and a p ro te c t iv e  helm et. At each a tten d an ce , 
the  c lo th in g  assembly worn by the  subject: and the  frequency of the 
v ib ra t io n  was ap p lied  in  a random fash io n  and the  su b je c ts  were 
unaware o f the o b je c t  o f the  experim ent.
Each s u b je c t  s a t  in the v ib ra tin g  s e a t  and b rea th ed  room 
a i r  through the  mouthpiece o f the experim ental b re a th in g  c i r c u i t .  
Pulmonary v e n t i la t io n  was measured con tinuously  b y  means o f the 
reco rd in g  dry gas m eter and end t i d a l  carbon d io x id e  co n cen tra tio n  
was measured by means o f the in f r a  red  carbon d io x id e  meter* the 
sampling tube of which was in s e r te d  in to  the b re a th in g  c i r c u i t  
c lo se  to  the s u b je c t ’s lip s*  D e ta ils  of the  measuring equipment 
used in  th is  p a r t  of the in v e s tig a tio n  have been g iven p rev io u s ly  
in  the  Methods s e c t io n  of this t i ie s is .
At each experim ental se ss io n  measurements were made o f 
pulmonary v e n t i la t io n *  r e s p ir a to ry  frequency and end t i d a l  carbon 
d iox ide  co n cen tra tio n  during  a p erio d  of r e s t  which la s te d  f iv e  
m inu tes. Measurements were then continued  throughout the p e rio d
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of chosen v ib r a t io n  which la s te d  f iv e  minutes, and th e re a f te r  
during a f iv e  minute p erio d  o f recovery  fo llow ing  the  v ib ra t io n .
At the end of each experimental session, the subject was 
asked to complete a questionnaire relating to the degree of 
discomfort experienced during each period  of v ib r a t io n .  A 
specimen of this questionnaire is^ven in Annex A of this chapter. 
The questionnaire c a lle d  fo r  the  su b je c t to  in d ic a te  on a s e r ie s  
of predrawn l in e s  (each measuring 100 mm) th e  degree of genera l 
comfort/discomfort experienced during the period of vibration and 
also the degree of discomfort, if any, experienced  in  various 
anatom ical sites (chest, abdomen, back) under the  same experimental 
conditions. For each subjective assessment, a line mark value 
of sero indicated that the subject experienced no discomfort 
w hatsoever during the p erio d  of v ib ra t io n , whilst a line mark 
value of 100 mm in d ic a te d  that the p a in  and discomfort experienced 
e i th e r  in general o r in a p a r t ic u la r  anato«iical s i t e  was a b so lu te ly  
in to le r a b le .  In te rm ed ia te  l in e  mark values in d ic a te d  the su b je c ts  
assessment of the degree of comfort/discomfort between th ese  Uio 
extrem es. This t^^pe of q u es tio n n a ire  was designed by Gedye,
Aitkeri & F erres  (1961) to  allow  q u a n ti ta t iv e  measurement of 
su b je c tiv e  assessments which are  amenable to  s tan d ard  methods of 
e t a t i s  tical a n a ly s is .
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5*3 R asu l üs
(a) Pulmonary v e n t i la t io n  ob ta ined  w ith  each s u b je c t  during  the 
c o n tro l p e rio d  of r e s t  and during v ib ra t io n  a t  each frequency 
a re  g iven in  Table 5*1* This ta b le  shows th e  v a lu es which were 
o b ta in ed  when the  su b je c t was v ib ra te d  w ith  and w ith o u t w earing 
the experim enta l s u i t .
Table 5*1 Mean v a lu es of minute volume v e n t i la t io n  a t  r e s t  and 
during  exposure to  v ib ra t io n  a t  each frequency*
F ive su b je c ts  v ib ra te d  w ith  and w ith o u t th e  experim ental 
s u i t
Sub ject
Mean v a lu es  o f m inute volume v e n t i la t io n  (L itre/B IT S) 
during  r e s t  and v ib ra t io n  a t  a  frequency of (Eæ)
C ontro l
(Res t ) 2 4 6 8 10
Wl I^OUT SHIT
GS 8.31 8,04 7.76 11.78 14.76 15.42
ET 7.72 8.26 9.53 13.56 IS .50 21.90
8.29 7.35 7.84 9.42 10.33 12.48
CW 7.81 7.00 8.51 15.40 15.90 13.24
GP 7.08 7.02 7.04 10.52 16.15 16.28
WITH SPIT
GS 8.81 8.26 9.00 11.16 12.74 12.86
ET 7.82 7.11 8.36 9.08 13.52 15.68
m 8.43 7.54 8.00 8.22 9.96 12.12
GW 7.08 7.16 7.34 9.40 11.44 12.42
GP 7.51 6.38 7.22 11.26 15.48 14.31
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I t  may be seen by re fe re n c e  to  Table 5.1 th a t  in  both experimental 
conditions (i*e* s u b je c t  w earing and n o t w earing the  s u i t )  th e re  
was an in c re a se  in pulmonary v e n t i la t io n  during  the p e rio d  of 
exposure to  v ib ra tio n , a t  frequencies o f 6 , 8 and 10 He. The 
values of pulmonary v e n t i la t io n  obtained a t  th ese  freq u en cies  
were s ig n i f ic a n t ly  g re a te r  than those ob ta ined  during  the co n tro l 
period, o f r e s t  (? -  0*001). During exposure to  v ib ra tio n , a t  
freq u en c ies  of 2 and 4 11%, th e re  was no s ig n i f ic a n t  In c rease  in 
pulmonary ventilation for e ith er  condition o f  the experiment. 
A nalysis has shown that: when the subject wore the experimental 
s u i t  during  v ib ra t io n  the  mean in c rease s  in  pulmonary ventilation 
over those ob ta ined  a t  r e s t  were 23.8%, 59.3% and 69.9% for 
frequencies of 6, 8 and 10 Hz respectively. When, however, the 
su b je c t was exposed to  v ib ra t io n  a t  these freq u en c ies  (6* 8 and 
10 Ha) w ith o u t wearing the suit, the  in c re a se s  in pulmonary 
ventilation over r e s t in g  co n tro l v a lues were 54.8%, 85.3% and 
102.3% re s p e c tiv e ly . The v e n t i la to ry  responses with exposure to  
v ib ra tio n , at freq u en c ies  o f 6* 8 and 10 He were significantly 
lower (F -  0 .001) when the su b je c t wore the s u i t  than  when he d id  
not.
The in c re a se  in  pulmonary v e n tila tio n , ob ta ined  during 
esqïosuxe of th e  su b je c t to v ib ra t io n  occurred  mainly as a r e s u l t  
of an in c re a se  in  r e s p ir a to ry  frequency w ith  only a sm all in c re a se  
in t i d a l  volume. Mean values of r e s p ir a to ry  frequency obtained
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fo r  each su b je c t a t  r e s t  and during  exposure to  v ib ra t io n  a t  each 
fo rc in g  frequency are  given in  Table 5 .2  fo r  two co n d itio n s of 
the  experiment (su b je c t v ib ra te d  w ith  and w ith o u t the experim ental 
s u i t ) . I t  may be seen by re fe ren ce  to  th is  ta b le  that in  both  
co n d itio n s o f the  experim ent whoXe-body v ib ra t io n  a t  freq u en cies  
of 6* 8 and 10 Hz caused an in c re a se  in  v a lu es of r e s p ir a to ry  
frequency over those.d ïta in ed  w ith  the  su b je c t a t  r e s t .  (P «= 0 .0 0 1 ).
The values of r e s p ir a to ry  frequency which were ob ta ined  
during  the co n d itio n  of the experim ent in  which the s u b je c t  wore 
the s u i t  during v ib ra t io n  were 8@5%* 24.0%, and 38.7% g re a te r  than 
r e s t in g  c o n tro l v a lues fo r  frequencies o f 6 , 8 and 10 Hz. The 
values ob ta in ed  w ith  exposure to  v ib ra tio n *  when th e  su b je c t d id  
n o t wear the su it*  were 25.8%, 30.3% and 68.9% g re a te r  than c o n tro l 
values f o r  freq u en c ies  o f 6* 8 and 10 Ha. The v a lu es  of r e s p ir a to ry  
frequency ob ta ined  during  the  perio d  of v ib ra t io n  were significantly 
lower in th e  co n d itio n  in  which the su b je c t wore the suit than 
when he d id  n o t. (P O.OQX)
(b) End t i d a l  carbon d iox ide  te n s io n
Values o f end t i d a l  carbon d iox ide tension ware calculated 
fo r  each bireath from th e  reco rd  ob ta ined  of end t i d a l  carbon 
d iox ide co n c en tra tio n  with the subject a t  r e s t  and during  each 
experim ental v ib ra t io n  exposure. ■ Tiie mean values o f end t i d a l  
carbon d iox ide  te n s io n  ob ta in ed  w ith  the f iv e  experim ental su b je c ts  
a t  re s t*  du ring  v ib ra t io n  at v ario u s  freq u en c ies  and during
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subsequent recovery from vibration are shown in Table 5,3* This 
table ehows values obtained with the subject exposed to vibration 
at each forcing frequency in the conditions of the experiment in 
which he wore the expe^rimental suit and in these conditions in
which he did  not.
Table 5,2 Mean values of respiratory frequency obtained with
s u b je c t at rest and during  exposure to  v ib ra t io n  a t  
various frequencies in two experimental conditions 
(with and w ithou t t:he expérim ental suit)
Subj a c t
G8
ET
W
ÜW
GP
ET
cw
GP
Mean values of respiratory frequency (breaths/miu.)
obtained during rest and vibration at the  following 
£requenciea (liz)
Rest 2 4 6 8 10
tJITaOUT SUIT
12»! 12.0 11,9 14,2 17.1 18.7
12.3 12,4 12,6 15.1 18.2 19,3
12.3 12,3 12,2 16,1 18,2 21,4
11,9 1 9 9O if*. 11.4 15.8 22,5
12.2 12.1 12.5 15,3 18,7 ,20.8
WITH SUIT
12,3 11,9 12,1 13,3 15.1 16.2
11.9 11,4 12,0 12.6 14,8 17.1
12.6 11,6 12,4 12,9 15.1 16,8
13.2 12.8 13.1 14.2 15,8 18,1
12.0 13,0 12,8 14.3 16.1 17,8
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Table 5.3 Mean values of end-tidal carbon dioxide tension for
five subjects at rest and during exposure to vibration 
at various frequencies (with and without the 
experimental suit)
Frequency
Mean value of end tidal carbon dioxide tension 
(mai Hg)
of
vibration
(Hz) Rest
WITHOUT SUIT 
Vibration Recovery Rest
WITH SUIT 
Vibration Recovery
2 39.5 39.7 39.5 39.2 39.8 39.4
4 39.4 40.0 39.3 38.7 37.9 38.2
6 40.0 35*2& 37.6 39*5 39.7 39.0
8 39*7 33.0* 38*2 39*7 35.4* 38.6
10 39.6 32.1* 36.3 38.8 33.1* 38*0
values during vibration significantly different from 
values obtained at rest (F ® 0*001)
It may be seen by reference to Table 5.3 that in the experimental 
condition where the subject did not wear the experimental suit* 
exposure to vibration at certain frequencies caused a marked fall 
in end tidal carbon dioxide tension from values obtained during the 
control period of rest* Tims@ with vibration at frequencies of
6* 8 and 10 Hz the end tidal carbon dioxide tension fall during 
the period of vibration by values of 4.8* 6.7 and 7*5 mm Hg 
respectively. These values of end tidal carbon dioxide tension 
obtained during the period of vibration exposure were significantly 
greater than those obtained at rest (P o.OOl). During exposure
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to  v ib r a t io n  a t  a  frequency of 10 llz^ one s u b je c t (no t w earing 
the  experim enta l s u i t )  complained o f symptoms which were h ig h ly  
su g g estiv e  o f hypocapnia ( t in g lin g  of f in g e rs  and to e s ) • In  
th i s  s u b je c t th e  end t i d a l  carbon d iox ide  te n s io n  f e l l  from a 
mean v a lu e  of 39.4 mm Hg ob ta ined  during th e  r e s t in g  period* to  
29.7 mm Hg du ring  the p erio d  of v ib ra tio n *
I t  may be seen by re fe re n c e  to  Table 3*3 th a t  th e  changes in  
end t i d a l  carbon d iox ide  te n s io n  ob ta ined  w ith  th e  su b je c t w earing 
the experim enta l s u i t  during  the  p erio d  o f v ib r a t io n  xirere in  
sharp c o n tra s t  to  the  co n d itio n  where the  s u b je c t  d id  n o t wear 
th e  su it*  Thus* w ith  exposure of the s u b je c t  w earing the  
experim enta l s u i t  to  v ib ra t io n  a t  a frequency of 6 Hz th e re  was 
xio m easurable change in  v alues o f end t i d a l  carbon d iox ide  te n s io n  
over v a lu es o b ta in ed  a t  re s t*  With v ib ra t io n  a t  a frequency o f 
8 Hzj th e  mean value  of end t i d a l  carbon d io x id e  te n s io n  f e l l  by
4 .3  mm Hg (compared w ith  6*7 imi Hg a t  the  same frequency w ith  
th e  s u b je c t  n o t w earing the s u i t )*  and w ith  v ib r a t io n  a t  a frequency 
o f 10 Hz the  mean v a lu e  o f end t i d a l  carbon d iox ide  ten s io n  f e l l  
by 3 .7  mm Hg ( th is  compared x^ith a f a l l  in  the  mean value  of end 
t i d a l  carbon d iox ide  te n s io n  o f 7.5 mm Hg ob ta in ed  during  v ib ra t io n  
a t  10 Hz w ith  the su b je c t n o t w earing the  s u i t ) .  In  th e  co n d itio n  
o f th e  experim ent in  which th e  su b je c t wore th e  experim en ta l su it*  
th e re  were no com plaints o f symptoms which could be r e f e r re d  to  
hypocapnia*
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The mean changes in  end t i d a l  carbon d iox ide  te n s io n  
ob ta ined  in  the  two experim ental co n d itio n s a re  shoxrn g ra p h ic a lly  
in  f ig u re  5#2« I t  i s  c le a r  from Table 5 .3  and f ig u re  5 .2  th a t  
xfcaring o f the  experim ental s u i t  during  th e  p e r io d  o f v ib ra t io n  
p reven ted  h y p e rv e n tila t io n  and hypocapnia in  th e  s u b je c t  exposed 
to  v ib ra t io n  a t  a frequency  of 6 Hs and markedly reduced the  
hypocapnia which occurred  w ith  exposure to  v ib r a t io n  a t  freq u en cies  
o f 8 and 10 Hs.
(c) S u b jec tiv e  assessm ent of com fo rt/d i s com fort during  the  p eriod
o f v ib ra t io n
An a n a ly s is  was made o f the r e p l ie s  to  the  q u es tio n n a ire  
r e la t in g  to  com fo rt/d iscom fort experienced by each s u b je c t  during  
each v ib ra t io n  ru n . Mean values fo r  g en e ra l su b je c tiv e  d iscom fort 
and fo r  d iscom fort experienced in  v ario u s anatom ical s i t e s  during  
exposure to  v ib ra t io n  a re  p resen ted  in  Table 5 .4  fo r  Wo co n d itio n s  
o f the experim ent ( i . e .  su b je c t wearing and n o t w earing the 
esEperimental s u i t )  * I t  may be seen from th is  ta b le  th a t  the  
s u b je c tiv e  assessm ents fo r  g en era l com fo rt/d iscom fort ob ta ined  
during  th e  p e rio d  o f v ib ra t io n  a t  frequencies o f 6* 8 and 10 Hz 
in d ic a te  th a t  a t  th e se  freq u en c ies  of v ib ra t io n  th e  su b je c ts  were 
more com fortab le  when th ey  were w earing the  experim ental s u i t  
than  when they  were n o t .  In  a d d itio n  i t  may be seen from 
Table 5 .4  th a t  v ib ra t io n  a t  freq u en cies  o f 6* 8 and 10 Hz caused 
co n s id e rab ly  le s s  d iscom fort in  chest* abdomen and back of th e
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T ab le  5*4 Mean value© fo r  l in o  markl%m s u b je c tiv e  assessm ent o f
*NK'^W*Ww».ie-W*.tWwi*gew*w-V^lNtstiriWiytiiWi»*Ni*swwpi^W
eom tort./ckacom fort au riu g  v1iolO"*body v ib ra t io n  a t  
v a rio u s  frecm aneioe. Mean o f f iv e  su b je c ts  w earing 
and not wearing oap&rimental auit
Frequency of  
v ib ra t io n  (Hg)
2 0 .2 0 .3
4 4 .5 4.7
6 11,3 19,5
a 31.3 66.1
10 46.9 82.5
6
6
ê
10
2
4
6
B
10
Ck*-*.
î&san value o f lin o  marking aaaeasment o f  
comfort. Measured from the. l e f t  o f the  l in e
(nm)^
Wearing s u i t  Wot w earing s u i t
GEMÏîAIi COï-JFOST
 ^|4« T^u
ABDOMINAL COMFORT
0 ,4
0,1
0 ,5
1 ,7
4*5
0 .3
2 ,6
9 ,1
25.0
47.6
CREST COMFORT
0 ,3
0 ,2
3 ,9
25.5
58.6
0.0
l.O
0.0
20 .4
38.5
0 .2
2 .9
4 .8
72,0
75.4
0 .2
4 ,3
0 .4
20.5
40.6
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su b je c t when he was w earing th e  s u i t  than  when he was n o t .  The 
d a ta  fo r  s u b je c tiv e  assessm ent o f co ra fo rt/d isco m to rt as in d ic a te d  
on the  l in e  marking q u e s tio n n a ire  was analysed u sing  the  ’Wilcoxon™ 
m atched-'pairG -signed-ranks^ t e s t .  This a n a ly s is  has shown th a t  
th e  d if fe re n c e s  in  bo th  g en e ra l com fort assessm ent and assessm ent 
o f com fort in  abdomen and c h e s t o f th e  su b je c t in  th e  two co n d itio n s  
of the eicperiment (v ib ra te d  w ith  and w itliou t w earing the  s u i t )  a re  
s ig n i f i c a n t  w ith  v ib ra t io n  a t  freq u en cies o f 8 and 10 Ez (P 0 ,01) 
and a t  a frequency o f 6 Ez (P 0 ,0 5 ) , There was» however^ no 
s ig n i f ic a n t  d if fe re n c e  in  th e  values of in d ic a te d  s u b je c tiv e  d is ­
com fort in  th e  back fo r  the  tî-yo co n d itio n s of th e  experim ent,
Tl:ie r e s u l t s  fo r  the  su b je c tiv e  assessm ents o f g en e ra l com fort 
and fo r  coB ifort/d iscom fort experienced in  th e  main anatom ical 
s i t e s  (abdomen and c h e s t)  during  exposure o f th e  s u b je c t  to  v ib ra t io n  
a t  v a rio u s  freq u en c ies  a re  p resen ted  g ra p h ic a lly  in  f ig u re  3 ,3 ,
5 ,4  D iscussion
These escperiments have confirm ed the  f in d in g s  of the  
p rev ious study  (d esc rib ed  in  ch ap te r 4) th a t  c o n s ta n t am plitude 
whola-body v ib ra t io n  a t  c e r ta in  freq u en c ies  causes an in c re a se  
in  pulmonary v e n t i la t io n  in  th e  experim enta l sub j  ec t^  which i s  
b rought about by a  moderate increase in  t i d a l  volume and a marked 
increase in  r e s p ir a to ry  frequency , Furtherm ore i t  has confirm ed 
th e  f a c t  th a t  the  in c re a se  in  m inute volume v e n t i la t io n  induced
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by v ib ra t io n  a t  c e r ta in  freq u en cies  i s  a  tru e  h y p e rv e n ti la t io n  w ith  
hypocapnia* As in  th e  p rev ious study  i t  has been shown th a t  the  
degree of h y p e rv e n tila t io n  and hypocapnia in c re a se s  alm ost l in e a r ly  
w ith  in c re a s in g  in te n s i ty  of v ib ra tio n  exposure w ith  maximum values 
being o b ta in ed  a t  the h ig h e s t in te n s i ty  o f v ib ra t io n  used in  th is  
s tudy  (frequency 10 Hg, ac ce le ra tio n -a in p litu d e  ^ ^  1 .43 G s).
The im portan t f in d in g  in  th i s  p a r t  o f th e  o v e ra l l  in v e s t ig a t io n  
i s  th a t  the  In c rease  in  pulmonary v e n t i la t io n  b rought about by 
escposure o f th e  experim ental su b je c t to  whole-body v ib ra t io n  a t  
freq u en c ies  of 6, 8 and 10 Eg was g re a t ly  reduced when an 
experim enta l garment g iv ing  f irm  support to  the abdomen and ch e s t 
was worn by th e  su b je c t during  th e  p erio d  o f v ib ra t io n  exposure* 
F urtherm ore, i t  has been dem onstrated th a t  when th i s  garment was 
worn by the  experim enta l s u b je c t ,  the hypocapnia induced by v ib ra t io n  
a t  th e se  freq u en c ies  was e i th e r  e lim in a ted  o r  g r e a t ly  reduced*
Ihe f in d in g s  o f  th is  experim ent a lso  show th a t  when the  experim ental 
s u i t  was worn by tlie su b je c t during  the p e rio d  of v ib ra t io n  i t  
o ffe re d  a  co n s id e rab le  degree of p ro te c tio n  a g a in s t  th e  d iscom fort 
and p a in  a s so c ia te d  w ith  v ib ra t io n  a t  freq u en c ies  o f 6 , 8 and 10 H%* 
This f in d in g  supports  the  hyp o th esis  advanced in  th e  p rev ious 
ch ap ter o f the  th e s is  th a t  p a in  and d iscom fort experienced  by the  
su b je c t during  co n stan t-am p litu d e  whole-body v ib r a t io n  a t  c e r ta in  
freq u en c ies  may be of s u f f i c ie n t  magnitude as to  induce th e  
v e n t i la to ry  changes found w ith  th ese  co n d itio n s  of v ib ra tio n *
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Tills b e l i e f  i s  fu r th e r  re in fo rc e d  by the  f a c t  th a t  p ro te c tio n  
from the  r e s p ir a to ry  changes associa ted  w ith  co n s tan t-am p litu d e  
low frequency v ib ra t io n  was achieved by p rov id in g  th e  s u b je c t w ith  
a s u i t  which gave f i m  su p p o rt n o t on ly  to  th e  abdomen b u t a lso  
to  th e  ch est. I t  may be re c a l le d  th a t  in  the  p rev ious s e r ie s  
o f experiments in  which su b je c ts  were exposed to  constant**amplitude 
v ib ra t io n  a t  freq u en c ie s  o f 2 -  10 Hz the  g r e a te s t  degree o f d is ­
com fort experienced  by th e  su b je c t during  c e r ta in  co n d itio n s  o f 
v ib ra t io n  occurred  in  th e  c h e s t reg io n  and only  to  a  le s s e r  e x te n t 
in  th e  abdominal a re a . I t  i s  l ik e ly  th a t  f a i lu r e  to  su p p o rt the  
ch e s t du ring  the p erio d  of v ib ra t io n  may ex p la in  the  n eg a tiv e  
find ings of Guignard (1964 a and b) in  h is  assessm ent o f v arious 
garments designed  to  p ro te c t  the  su b je c t a g a in s t  th e  e f f e c ts  of 
v ib ra t io n ,
'There a re  two p o s s ib le  ex p lan a tio n s fo r  th e  mechanism whereby 
the a p p l ic a t io n  o f f irm  thoraco""abdomxtal su p p o rt reduces or 
e lim in a te s  th e  resp iratory  changes induced by c o n s ta n t am plitude 
whole-body v ib r a t io n  a t  certa in  fre q u e n c ie s . One p o s s ib i l i t y  i s  
t l ia t  th e  experimental s u i t  caused a s t i f f e n in g  o f the to rso  in  the 
su b je c t du ring  the  period of v ib ra t io n  and thereby  m odified  the  
d i s t r ib u t io n  of the in p u t v ib ra t io n  stim ulus through the  body, 
Nickerson & Goermann (1962) showed th a t  s t i f f e n in g  of th e  trunk  
during  exposure to  whole-body v ib ra t io n  can a l t e r  the  t r a n s -  
m is s ib i l l ty  o f the  v ib ra t io n  in  the body and can p r o te c t  c e r ta in
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p a r ts  from the d i f f e r e n t i a l  movement induced by th e  v ib ra to ry  
s tim u lu s . I t  seams more l i k e ly 9 however9 th a t  th e  a p p lic a tio n  
of e x te rn a l su p p o rt to  the  abdominal w a ll reduced the degree of 
p a in fu l o s c i l l a to r y  movement of v is c e ra  and th a t  s im ila r  support 
to  th e  th o rax  reduced the movement o f p e c to ra l  muscle masses 
during  exposure of the su b je c t to  whole-body v ib ra t io n  a t  c e r ta in  
freq u en c ies  and i n t e n s i t i e s .
liha tever the  p ro te c t iv e  mechanism involved  m ight b e 9 th e  
p r a c t ic a l  im portance o f th e  f in d in g s  o f th is  experim ent l i e s  in  
the  f a c t  that: i t  o f fe r s  a p o ss ib le  s o lu t io n  to  improving t:he 
com fort9 s a fe ty  and w ellbeing  o f the  a v ia to r  e2q>osed to  co n d itio n s  
o f v ib ra t io n  i n - f l i g h t .  At th e  p re se n t time^ v ery  l i t t l e  i s  
kttomi about the  su b je c tiv e  d iscom fort a s so c ia te d  w ith  random 
v ib ra t io n  in  a i r c r a f t  and work i s  c u r re n tly  being  undertaken to  
a sse ss  t h i s .  The r e s u l t s  o f the  p re se n t study  show th a t  i f  fu tu re  
advances in  the o p e ra tio n  o f m il i ta ry  a i r c r a f t  expose the  p i l o t  
to  co n d itio n s  of v ib ra t io n  which give r i s e  to  sev ere  d iscom fort 
and a s so c ia te d  r e s p ir a to ry  changes 9 then s te p s  can be taken to  
reduce o r e lim in a te  th ese  e f f e c t s  by p rov id ing  him w ith  thoraco*'* 
abdominal su p p o rt. Furtherm ore^ i t  has been shown th a t  even 
m oderate su p p o rt o f the  type o ffe re d  by a c u r re n t item  o f a irc rew  
c lo th in g  w i l l  p rov ide adequate p ro te c tio n  a g a in s t  th e  adverse 
e f f e c ts  o f c e r ta in  types o f s t r u c tu re  borne whole-body v ib r a t io n .
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5 .5  Annex to  Chapter 5
SPEGBIEN OF QUBSTIOÎMAÏEE
Experiment A 0164 Date
Equipments   Run No. . . . . . . .  S u b jec t
P lease  co n sid er c a re fu l ly  the  v ib ra t io n  exposure which you have 
ju s t  experienced  and in d ic a te  your assessm ent o f com fo rt/d iscom fort 
in  th e  fo llow ing  manners
P lace  a s in g le  v e r t i c a l  s tro k e  through the a p p ro p ria te  
pre^drawn l in e  accord ing  to  your own p e rso n a l r a t in g  of 
com fort du ring  the  p erio d  of v ib r a t io n .  I f  you experienced 
l i t t l e  d iscom fort during  v ib ra t io n  mark th e  l in e  to  l e f t  
o f cen tres  i f  you found i t  very uncom fortable mark the  
l in e  to  the  r ig h t  of centre. The further away from ce n tre  
( e i th e r  way) you mark the l in e ,  the  s tro n g e r  your fe e lin g s  
about th i s  condition  of v ib ra t io n . P lea se  use the ends of 
th e  l in e  o n ^  i f  you th in k  the wording appropriate.
GENERAL COHORT
A bso lu te ly  In to le r a b le
no d iscom fort d iscom fort
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COMFORT IN CREST
A bso lu te ly In to le ra b le
no d iscom fort d iscom fort
COMFORT IN ABDOMEN
A bso lu te ly I n to le r a b le
no d iscom fort d iscom fort
COMFORT IN BACK
A bso lu te ly In to le ra b le
no d iscom fort d iscom fort
CHAPTER 6
The r e s p ir a to ry  a f f e c t s  of whole-body v ib ra t io n  
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CHAPTER 6
The r e s p ir a to ry  e f f e c t s  of whole^body v ib ra t io n  
a t  a  co n s tan t acce le ra tio n ^ arap litu d e
6 «1 In tro d u c tio n
In  an e a r l i e r  ch ap te r (ch ap te r 4) the  r e s p ir a to ry  changes induced 
by %fhole-body v ib r a t io n  were s tu d ied  u sing  co n d itio n s  o f v ib ra t io n  
in  which the d isp lacem ent am plitude was held  co n s tan t and the 
in te n s i ty  o f th e  v ib r a t io n  in c re ase d  w ith  an in c re a se  in  fo rc in g  
frequency (co n s ta n t a iï^ litu d e  v ib r a t io n ) , An a l te r n a t iv e  approach 
to  s tu d ie s  o f th e  human responses to  v ib ra t io n  can be made using  
co n d itio n s  o f v ib r a t io n  in  which the  t o t a l  d isp lacem ent o f the  
v ib ra t io n  p la tfo rm  i s  a d ju s te d  in  such a way as to  m ain ta in  a 
co n s ta n t acceleration-amplitude over the range o f freq u en c ies  
s tu d ie d . By using  bo th  types o f experim ental v ib ra tio n ^  
p h y s io lo g ic a l responses can be s tu d ied , over a  wide range of 
freq u en c ies  and a e e e le ra tio n -a m p litu d e s .
There have been very  few in v e s t ig a t io n s ,  however, of the  
r e s p ir a to ry  changes induced by co n s tan t a c c e le ra tio n  vibration, 
although in  t h e i r  experim ents D uffner a t  a l  (1962) found an 
in c re a se  in  m etabo lic  oxygen cons unction  and pulmonary v e n t i la t io n  
a t  th e  lower freq u en c ies  of v ib ra t io n  s tu d ied  (range 2 - 7  H%).
These w orkers dem onstrated th a t  h y p e rv e n tila t io n  occurred  in  
th e i r  su b je c ts  during  exposure to  v ib ra t io n  a t  freq u en c ies  of
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4 "*• 5 and they  b e liev ed  th a t  th is  m ight have bean b rough t about 
by s tim u la tio n  of c e r ta in  deform ation re c e p to rs  s i tu a te d  in  v ario u s 
p a r ts  o f  the  body. E rn s tin g  (1961) a lso  used co n s tan t a c c e le ra tio n  
v ib ra t io n  (acce le ra tio ri-am p litu d e  ^ 0#25G) and noted  th a t  th e re
was an in c re a se  in  pulmonary v e n t i la t io n  in  h is  experim ental 
su b je c ts  which was g r e a te s t  a t  the low est frequency  used (1 .7  H s). 
S ince th is  frequency  o f v ib ra t io n  'i s  below th a t  o f any Imoxm 
m echanical resonance o f the r e s p ir a to ry  system  and was no t 
accompanied by any d iscom fort on the  p a r t  o f the  s u b je c t ,  th is  
r e s p ir a to ry  e f f e c t  was te n ta t iv e ly  a t t r ib u te d  to  la b y rin th in e  
s tim u la tio n . 'This ex p lan a tio n  was a lso  advanced by Dixon e t  a l  
(1961) who produced marked hypocapnia in  t h e i r  su b je c ts  exposed 
to  v ib ra t io n  a t  a c o n s tan t a c c e le ra tio n  and a t  freq u en c ies  between 
0 .5  and 0*8 Hr,.
In  review ing the l i t e r a t u r e ,  i t  i s  o f i n t e r e s t  to  n o te  th a t  
in  p rev ious re p o r ts  th e  r e s p ir a to ry  changes induced in  th e  
experim enta l s u b je c t  by v ib ra t io n  a t  co n s tan t a c c e le ra t io n  were 
observed a t  th e  lower end o f the range o f freq u en c ies  s tu d ie d .
Tills c o n tra s ts  w ith  the  s i tu a t io n  during  exposure o f th e  s u b je c t 
to  co n s ta n t am plitude v ib ra t io n  where i t  has been sh o w  th a t  th e  
r e s p ir a to ry  changes occur a t  th e  h ig h er freq u en c ie s  in  the  range 
studied* Tliis su ggests  th a t  th e re  may be a d if fe re n c e  in  the 
c a u sa tiv e  mechanisms involved  in  the  r e s p ir a to ry  changes observed 
in  the  Wo experim enta l co n d itio n s .
190
In the present in v e s t ig a t io n , therefore , experiments were 
designed to  study  the  r e s p ir a to ry  e f f e c ts  of wholerbody v ib ra t io n  
h e ld  a t  a  co n s tan t a c c é lé ra tion-vim plitiide over a range of f r e ­
quencies; to  d e fin e  the  magnitude of th ese  changes and to attem pt 
to  e lu c id a te  th e  p h y s io lo g ic a l mechanisms involved in  th e i r  
p ro d u c tio n . In th i s  s e r ie s  of experim ents the  freq u en c ies  o f  
v ib ra t io n  s tu d ie d  wore 2, 4 , 6 , 8 and 10 Hs and th e  a c c e le ra t io n -  
am plitude was held  co n s tan t f o r  each frequency a t  0 .4  G«, The 
r e s u l t s  ob ta ined  fo r  th is  s e r ie s  of experim ents a re  re p o rte d  in  
th is  ch ap te r  of the  th e s i s .
6.2 Methods— NT!* n,'*.
E ig h t experim enta l su b je c ts  in  the  age group 23 -  42 years 
took p a r t  in  th i s  s e r ie s  o f experim ents. Seven o f the  su b je c ts  
had p a r t ic ip a te d  in  th e  p rev ious experiments re p o rte d  in  ch ap te r 4 
of th is  th e s is  ( th e  cons t a n t - atr^ > 11 iuide v ib ra t io n  s e r i e s ) .  One 
s u b je c t who took p a r t  on th e  p rev ious occasion  was unable to  
p a r t ic ip a te  (sub jec t. AG) and he was rep laced  by an o th er su b je c t 
(ET) who had s im ila r  an th ropom etric  c h a r a c te r is t ic s . The d e ta i l s  
o f h e ig h t, w eigh t and body su rfa ce  area of th e  e ig h t  experim ental 
su b je c ts  used in  th i s  study are given in  Table 6 ,1 ,
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Table 6 .1  D e ta ils  o f h e ig h t ,  w eight and body su rfa c e  a rea  of 
the  e ig h t experim ental su b je c ts  used In  the  study
Subj a c t H eight (cm) Weight (kg) Bodya re a
su rfa c e
(m2)*
AM 176.5 72.5 1.88
as 173.9 74.1 1.87
ET 175.3 70.1 1.80
w 175.3 72.9 1.88
cw 174.6 66.4 1.77
GP 171.5 67.2 1.79
ED 190.5 74.1 2.02
PF 193.0 80,5 2.18
Body su rfa c e  a re a  computed from the ®omograra of DiiBois (1936)
The experim ents were c a r r ie d  ou t u sing  th e  m echanical 
v ib ra to r  upon which was mounted a m odified a i r c r a f t  type e je c t io n  
s e a t .  D e ta ils  of the  v ib ra t io n  equipment and the  s e a t  have been 
g iven p re v io u s ly  in  th e  Methods ch ap ter o f  th is  th e s is  (ch ap te r 3 )• 
V ib ra tio n s  a t  f req u en c ies  o f 2 , 4@ 6, 8 and 10 llz were used in  
th is  s tudy  and fo r  each fo rc in g  frequency of v ib r a t io n ,  th e  t o t a l  
d isp lacem ent o f th e  v ib ra t in g  p la tfo rm  was ad ju s te d  to  g ive a 
co n s tan t a c c e le ra tio n -a m p litu d e  of ^  0 .4  Gz. The a c c e le ra t io n -  
am plitude of v ib ra t io n  was measured a t  the  s e a t  o f the  su b je c t 
throughout each experim ental v ib ra tio n  se s s io n  u sing  a  v a r ia b le  
r e s is ta n c e  acce lerom eter (range 10 G), a p p ro p r ia te  a m p lif ie r
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and pen re c o rd e r .
Each esEperimental s u b je c t  a tten d ed  on ten  s e p a ra te  o ccasio n s.
On hfiilf the  number o f a tten d an ces the experim ents were conducted 
w ith  the  su b je c t s i t t i n g  in  the  v ib ra tio n  s e a t  f u l l y  r e s tr a in e d  
by means o f an a i r c r a f t  type harness system  (d esc rib ed  in  ch ap te r 3) 
and on the  o th e r  h a l f  of the a ttendances the  s u b je c t  was com pletely  
u n re s tra in e d  in  the  s e a t .  Exposure of th e  su b je c t to  each frequency 
of v ib ra t io n  (2 -  10 Hs) and the co n d itio n  o f r e s t r a i n t  were c a r r ie d  
o u t in  a random fa sh io n , and the  su b je c ts  were unaware of the  o b je c t 
o f the  essparimant.
Each s u b je c t  wore a lig h tw e ig h t Royal A ir Force f ly in g  
c o v e ra ll and a s tan d ard  p ro te c t iv e  f ly in g  helm et (RAF Me 2) each 
o f which was fitted using  a irc rew  f i t t i n g  p ro ced u res , and he s a t  
e i th e r  r e s tr a in e d  o r u n re s tra in e d  by harness in  the  v ib ra t io n  s e a t  
w ith  h is  f e e t  r e s t in g  on the  f o o t r a s t .  The b re a th in g  c i r c u i t  used 
by th e  s u b je c t  was id e n t ic a l  to  th a t  used in  the  c o n s ta n t amplitude 
v ib ra t io n  s tu d ie s  and th is  equipment has been d escrib ed  in d e ta i l  
in  ch ap te r 3 o f th i s  th e s i s .  *Hie su b je c t b rea th ed  room a i r  from 
th is  b re a th in g  c i r c u i t  u sing  a mouthpiece w h ile  th e  n o s t r i l s  were 
occluded by a nose c l i p .  E xpired gas was conducted from th e  
e x p ira to ry  p o r t  o f the valvebox in  the  b re a th in g  c i r c u i t  f i r s t  to  
the  reco rd in g  dry gas m eter and then in to  gas c o l le c t io n  equipment 
( th e se  have been d escrib ed  in  d e t a i l  in  ,a p rev ious c h a p te r ) . End 
t i d a l  carbon d io x id e  co n c en tra tio n  was measured u sing  an in f r a ­
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red  carbon d iox ide  m eter, the sampling l in e  o f which was in s e r te d  
in to  the  valvebox c lo se  to  the  l ip s  of the s u b je c t .  The o u tp u t 
from th is  m eter was s u i ta b ly  am p lified  and d isp lay ed  on a  s in g le  
channel o f an Est e r l i n e  Aggus- pen recorder.
At each experim enta l s e s s io n , the  s u b je c t  r e s te d  fo r  a p eriod  
of f iv e  m inutes during  which no reco rd ings were tak en . During a 
fu r th e r  p erio d  a t  r e s t ,  measurements were made of pulmonary v e n t i ­
la t io n  and end t i d a l  carbon d iox ide co n c en tra tio n  and eiqpired gas 
was c o l le c te d  in  a Douglas bag over the  l a s t  th re e  m inutes of the 
r e s t  p e r io d . The s u b je c t was then  exposed to  th e  chosen co n d itio n  
of v ib ra t io n  fo r  a t o t a l  p e rio d  of ten  m inutes during  which measure­
ments were made con tinuously  o f pulmonary v e n t i la t io n  and end t i d a l  
carbon d io x id e  co n c en tra tio n . C o llec tio n s  o f ex p ired  gas were 
made on occasions during  the v ib ra t io n  period. The f i r s t  
c o l le c t io n  was taken over a p e rio d  of th ree  m inutes (beW een minute 
2 and m n u te  5 o f v ib ra tio n )  and the  second c o l le c t io n  was made 
be Ween m inute 1 and minuta 10 of the v ib ra t io n  p e r io d . For 
convenience, th e se  c o l le c t io n s  w i l l  be r e fe r re d  to ,  h e r e a f te r ,  as 
samples a f t e r  f iv e  and ta n  m inutes of v ib r a t io n .  V ib ra tio n  
exposure was fallow ed by a recovery  perio d  la s t in g  f iv e  m inutes 
during  which measurements of pulmonary v e n t i la t io n  and end t i d a l  
carbon d iox ide  co n c e n tra tio n  were continued and a f i n a l  c o l le c t io n  
o f exp ired  gas was taken in  the  l a s t  th ree  m nu teo  of the  recovery  
phase. Values o f minute volume v e n t i la t io n  and r e s p ir a to ry
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frequency were c a lc u la te d  from the  reco rd ings ob ta in ed  fo r  each 
minute o f the c o n tro l ,  v ib ra t io n  exposure and recovery  phases of 
th e  experim ent. Values of end t id a l  carbon d io x id e  co n c e n tra tio n  
were c a lc u la te d  from the  maximum d e f le c tio n  of th e  tr a c e  recorded 
w ith  each b rea th  from the  o u tp u t s ig n a l o f the  carbon d iox ide 
m eter. Values of m etabolic  oxygen up take , carbon d iox ide  o u tp u t 
and r e s p ir a to ry  exchange r a t i o  were c a lc u la te d  from pulmonary 
v e n t i la t io n  and an a ly s is  of the  exp ired  gas fo r  oxygen and carbon 
d iox ide  c o n c e n tra tio n s . The techniques of measurement and the  
c a lc u la tio n s  involved  in  th is  procedure have been d escrib ed  in  
d e t a i l  in  a p rev ious c h a p te r .
6 .3  R esu lts
(a) Pulmonary v e n t i la t io n
Mean v a lu es  o f m inute volume v e n t i la t io n  fo r  th e  e ig h t su b je c ts  
tak in g  p a r t  in  th e  eiqperiment a re  shown in  Table 6 .2  fo r  the p erio d  
of r e s t ,  a f t e r  f iv e  mi.nutes and te n  m inutes exposure to  v ib ra t io n  
a t  each frequency and during  subsequent reco v e ry . Values ob ta ined  
w ith  th e  su b je c t sea ted  f u l ly  r e s tr a in e d  in  the  v ib r a t io n  s e a t  a re  
shown to g e th e r  w ith  those ob ta ined  when th e  s u b je c t  was u n re s tra in e d  
in  the  s e a t .  The mean v a lu es  of pulmonary v e n t i la t io n  a re  shown 
g ra p h ic a lly  in  f ig u re  6 .1  fo r  each minute o f r e s t ,  eatpoaure to  
v ib ra t io n  and subsequent reco v ery .
Table 6.2  Mean va lu es  o f pulmonary v e n t i la t io n  a t r e s t ,  during  
v ib ra tion  exposure and recovery . E ig h t su b je c ts  
restra in ed  and unrestrained in  the v ib ra tio n  sea t
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Frequency of 
v ib r a t io n  (Ha)
Pulm
Rest
□nary v e n t i la t io n  (L/mlii BTPS)
A fte r  S min A fte r  10 min 
v ib ra t io n  v ib ra t io n
during  s 
Recovery
REBTRAINED
2 9.24 11.15 9.86 8,37
4 9.32 10.92 9.98 7,55
6 9.90 12.58 10.58 8,42
8 9.60 10.82 10.52 8,56
10 9.30 9.75 9.48 8,02
üMRESmâlHE»
2 9.64 11.43 10.20 8,60
4 9.41 11.58 11.43 8.14
6 8.98 11.69 10.68 7.75
8 9.27 10.48 9.56 8,30
10 9.80 10.61 10.35 9.13
#Wf*w&W*#k'#W-W#WWr**W:.W!
1 9 6 .
PULMONARY 
VENTILATION 
Litre BTPsXnIn
1 3 -
6 Hz
2  Hz \
10 - 8Hz
10Hz
time min
vi brationrest recovery
Pijsrure 6 . 1 Pulmonary v e n t ila t io n  during exposure to
v ib ra tio n  a t  a constant accelera tion -am p litu d e.
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All A nalysis o f V ariance c a r r ie d  ou t on the  d a ta  on pulmonary 
v e n t i la t io n  ob ta ined  in  th e  p re se n t experiment: has shown th a t  
th e re  was no s ig n i f ic a n t  d if fe re n c e  in  v alues ob ta in ed  w ith  the  
su b je c t v ib ra te d  e i th e r  u n re s tra in e d  o r r e s t r a in e d  by harn ess in  
th e  v ib ra t in g  s e a t .  I t  may be seen by re fe re n c e  to  Table 6.2  
and f ig u re  6 .1  th a t  a f t e r  f iv e  m inutes exposure o f th e  su b je c t to  
v ib ra t io n  a t  a c o n s ta n t acce le ra tio n -am p 11tude th e re  was an In c rease  
in  pulmonary v e n t i la t io n  on ly  a t  freq u en c ies  o f 2 , 4 and 6 Ha.
In  th e se  co n d itio n s  of v ib ra t io n  in  which an in c re a se  in  pulmonary 
v e n t i la t io n  was obtainedp th i s  occurred  w ith in  h a l f  to  one minute 
a f t e r  the  s t a r t  o f v ib ra t io n , reached a maximum v a lu e  a f t e r  f iv e  
m inutes v ib ra t io n  and th e r e a f te r  d ec lin ed  in  magnitude towards the 
end o f th e  ten  m inute p e rio d  of v ib r a t io n .  The v a lu es  o f pulmonary 
v e n t i la t io n  ob ta ined  during  the  recovery  p e rio d  fo llow ing  v ib ra t io n  
exposure a t  each frequency were s ig n i f ic a n t ly  reduced below values 
ob ta ined  du ring  the  r e s t in g  co n tro l p e rio d  (F •"» 0 .0 0 1 ) .
A nalysis has a ls o  shovm th a t  th e  in c re a se s  in  pulmonary 
v e n t i la t io n  observed a f t e r  5 min and 10 min o f v ib ra t io n  exposure 
a t  fre q u en c ies  o f 2 , 4 and 6 Hs were s ig n i f ic a n t ly  g re a te r  than  
those  o b ta in ed  w ith  the  su b je c t a t  r e s t  (F «« 0 .0 0 1 ) . Tiie g r e a te s t  
in c re a se  in  pulmonary v e n t i la t io n  (28.5% in c re a se  over r e s t in g  
v a lu es)  occurred  during  exposure of the s u b je c t  to  whole-body 
vib ra tion  a t  a frequency o f 6 Hz, With exposure of the su b je c t 
to  v ib r a t io n  a t  freq u en c ie s  o f 2 and 4 Hz the  in c re a se  in  values
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of pulmonary v e n t i la t io n  over those ob ta ined  w ith  the  su b je c t a t  
r e s t  were 19.6% and 19.9% re s p e c tiv e ly . There was » however, no 
s ig n i f ic a n t  change in  pulmonary v e n t i la t io n  w ith  exposure o f the  
su b je c t to  v ib ra tion  a t  freq u en c ies  o f 8 and 10 Hz.
Exam ination o f the  d a ta  has rev ea led  th a t  a t  th e se  freq u en c ies  
o f v ib r a t io n  in  which a  change occurred in  pulmonary v e n t i la t io n ,  
th a t  change was brought about by an in c re a se  in  t i d a l  volume, th e  
r e s p ir a to ry  frequency rem aining v i r tu a l ly  unchanged throughout the  
v ib ra t io n  and recovery  p e r io d s . The mean v a lu es of r e s p ir a to ry  
frequency ob ta ined  w ith  th e  s u b je c t a t  r e s t ,  during  v ib ra t io n  
esqaosure a t  each frequency and during  subsequent recovery  from 
v ib ra t io n  a re  s lw m  fo r  the  e ig h t e^gperimental s u b je c ts  in  
Table 6.3*
(b) End T ida l carbon d iox ide  ten sio n
The mean changes induced in  end t i d a l  carbon d iox ide  te n s io n  
by wliole-"body v ib ra t io n  a t  a co n s tan t a c c e le ra t io n  and v ario u s 
freq u en c ies  a re  shown in  Table 6 .4  and a re  p re se n ted  g ra p h ic a lly  
in  f ig u re  6 .2 . In Table 6 .4  th e  v a lu e  fo r  carbon d io x id e  te n s io n  
ob ta in ed  with the su b je c t a t  r e s t  is  shown to g e th e r  w ith  the  carbon 
d io x id e  te n s io n  which e x is te d  a f t e r  3 m inutes and 10 minutes 
C3q)osure to  v ib ra t io n  and during  the subsequent recovery  phase.
I t  may be seen th a t  the  red u c tio n  in  end t id a l  carbon d iox ide 
ten s io n  was g r e a te s t  a t  the lower freq u en c ies  o f v ib ra t io n  (2 Hz 
and 4 Hz) used in  th i s  s tu d y . The g r e a te s t  change in  v alues o f
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Table 6 .3 Mean v a lu es o f r e s p ir a to ry  frequency w ith  th e  eu b jec t 
a t  r e s t ,  during  exposure to  v ib ra t io n  a t  freq u en c ies  
betzmen 2 and 10 Hz and
from v ib ra tio n *  E ig h t su b ia c ts  r e s t r a in e d  and 
u n re s tra in e d  in  th e  v ib ra t in g  sea t
Frequency of 
v ib ra t io n  (Hz)
Respii
R est
catory  frequency (b rea th s/m in
A fte r  5 min A fte r  10 min 
v ib ra t io n  v ib ra t io n
) duriag ! 
Recovery
RESTRAINED
«rwe>*T|eV«j «MME#
2 11.3 11.8 11.6 10.9
4 12.0 11.6 10.9 11.2
6 12.7 11.8 12.1 12.2
8 13.6 13.8 13.0 12.9
10 11.6 11.6 12.2 11.3
PmESTRAINED
2 12.7 11.9 12.1 12.6
4 12.2 11.6 12.0 12.5
6 10.2 11,1 10.8 10.7
8 11.8 12.5 13.0 12.6
10 11.6
I ,# .-.;# . T1*#*:
12.2
.wWtmh.ww
12.0 ; 12 .4
end t i d a l  carbon d io x id e  te n s io n  occurred w ith in  th e  f i r s t  f iv e  
m inutes o f the  v ib ra t io n  perio d  a f t e r  which they re tu rn e d  towards 
c o n tro l v a lu es in  the  l a s t  m inutes of the  p e rio d  of v ib r a t io n .  
A nalysis o f the  r e s u l t s  have shown th a t  th e re  was no s ig n i f ic a n t  
d if fe re n c e  beW een v alues of end t i d a l  carbon d io x id e  ten s io n s  
ob ta ined  w ith  the  su b je c t r e s tr a in e d  and u n re e tra in e d  in  the  
v ib ra t io n  seat#
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Table 6 .4  The e f f e c t  o f wholeHjody v ib ration  a t a constant
ac ae le ra tio B '“am plitude upon and t i d a l  carbon d iox ide 
ten sion . (Pooled v a lu es  fo r  e ig h t su b ie c ta  r e s tr a in e d  
and m ires tra in e d  in  the v ib ra t io n  s e a t . )
Frequency of 
v ib ra t io n  (Hz)
4
6
8
10
Mean v a lu e  of end t i d a l  carbon dioxide  
te n s io n  (mm Eg) during  %
R est
39,6
39,5
/K),2
39.2
39.9
A fte r  5 min A fte r  10 min 
v ib ra t io n  v ib ra t io n
34.3
35.4
39.4
38.4 
39.2
3^2
38.0
38.7  
38.5
38.7
Recovery
39.3
38.7
39.1
40.2  
39.5
(c) Metabolic oxygen consumption
The mean values of oxygen consumption which were ob ta ined  
during  th i s  s e r ie s  o f experim ents a re  p resen ted  in  Table 6.5  fo r  
e ig h t  su b je c ts  in  a r e s t r a in e d  and u n re s tra in e d  co n d itio n  in  the 
s e a t  and exposed to  freq u en c ies  of 2 , 4 , 6, 8 and 10 Hz a t  a 
co n s tan t acce le ra tio n ^ am p litu d e  (4 0 .4  Gz).
I t  may be seen by re fe re n c e  to  Table 6.5  th a t  during  exposure 
to  v ib ra t io n  a t  c e r ta in  freq u en cies  (both with th e  su b je c t r e s tr a in e d  
and u n re s tra in e d  in  th e  v ib ra t in g  se a t)  th e re  was a moderate 
increase in  m etabo lic  oxygen eonsum|ytion which reached a maximum 
valu e  a f t e r  f iv e  m inutes of exposure to  v ib r a t io n  and th e r e a f te r  
d ec lin ed  towards the  end o f the  p erio d  of v ib r a t io n .  A nalysis
Q
Z
LU
rH2
2 0 1 ,
FREQUENCY Hz
? i  ? 10-a
o>X
E
E
<o o
LU
az
<
X
Ü 8
110
6 , 2 Ghajige in  end t id a l  carbon dioxide  
ten s io n , during exposure to  v ib ra tio n  
a t a constant acceleration -am plitude »
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Table 6.5 E ffe c t  o f wbole-body v ib ra t io n  (c o n s ta n t a c c e le ra tio n )  
upon m etabo lic  ozween consumption. E ig h t experim ental
enbje c ta  exposed to  v ib ra t io n  a t  v a rio u s  freguencxes 
w hile  r e s t r a in e d  and m ire s tra in e d  in  th e  v ib ra t io n  s e a t
Mean value o f mecabolic oxygen consumption
Frequency of (L/mln SfPD) in  the fo llow in g  conditionss
v ib ra t io n  (Hs) A ftet S min A fte r 10 Blip.Rest v ib ration v ib ra t io n Recovery
RESTRAIMED
2 0.304 0.335 0,311 0.298
4 0,300 0.340 0,326 0.278
6 0,322 0.398 0.351 0.297
8 0.313 0.312 0.318 0.293
10 0.307 0.313 0.297 0.283
UNSIÎSTRAIMBD
2 0.321 0.351 0.350 0.313
4 0.313 0.370 0.356 0.282
6 0.287 0.356 0.324 0.261
8 0.302 0.314 0.297 0.280
10 0.306 0.311 0.319 0.308
of th e  d a ta  has shown that w ith  exposure to  v ib ra t io n  a t  frequencies 
o f 2 Hg and 4 the  mean v alues of: oxygen consumption were 
s ig n if ic a n t ly  g re a te r  in  the condition  in  which th e  su b je c t wae
u n re s tra in e d  in  the  v ib ra t in g  s e a t  than wlien he was fu l ly  r e s tr a in e d  
(F 0 ,0 1 ) , On the  o th e r  hand, th e re  were no s ig n if ic a n t  
d if fe re n c e s  for co n d itio n s  o f r e s t r a i n t  during  exposure of the
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su b je c t to  v ib r a t io n  a t  freq u en c ies  o f 6, 8 and 10 11%. This 
o b se rv a tio n  i s  of co n s id e rab le  in t e r e s t  in  ex p la in in g  the mechanism 
involved in  th e  increase of; m etabolic  a c t iv i ty  during  exposure of 
the  su b ject to  low frequency v ib ra t io n  a t  a c o n s ta n t a cce lera tio n -  
amplitude. The r e su lts  fo r  m etabo lic  oxygen consumption ob ta ined  
in  th is  experim ent a re  shown g ra p h ic a lly  in  f ig u re  6 .3 ,
A nalysis has a lso  shovm th a t  th e  in c re a se  in  m etabo lic  oxygen 
consumption observed a f t e r  5 min and 10 min exposure to  v ib ra t io n  
a t  a frequency o f 6 Ha was s ig n i f ic a n t ly  g re a te r  than  th a t  obtained  
w ith  the  s u b je c t  a t  r e s t  p r io r  to  v ib ra t io n  (P -  0 ,0 0 1 ), The mean 
value fo r  m etabo lic  oxygen consumption o b ta in ed  during v ib ra t io n  
a t th i s  frequency was 26,7% g re a te r  than  th a t  ob ta in ed  w ith  the  
s u b je c t a t  r e s t .  I t  i s  notew orthy th a t  th e  in c re a se  in  m etabolic  
oxygen consumption ob ta ined  during  v ib ra t io n  a t  a frequency o f 
6 alm ost e x a c tly  balanced  the in c re a se  in  pulmonary v e n t i la t io n  
ob ta ined  du ring  exposure of the  su b je c t to  v ib ra t io n  a t  th e  same 
frequency .
A nalysis has shown th a t  w ith  exposure o f the  su b je c t to  
v ib ra t io n  a t  freq u en c ies  o f 2 and 4 Eg; there was a moderate b u t 
s ig n i f ic a n t  in c re a se  in  v alues o f m etabolic  oxygen consumption 
over those  o b ta in ed  w ith  him a t  r e s t  (F 0 ,0 0 1 ) . The mean values 
o f m etabo lic  oxygen consumption ob ta ined  in  th e se  co n d itio n s  of 
v ib ra t io n  wore re s p e c tiv e ly  19.6% and 19,9% g re a te r  than those 
ob ta ined  during  th e  period of r e s t .  I t  i s  of p a r t ic u la r  im portance
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.METABOLIC
OXYGEN
CONSUMPTION
L i t r e  STPD 
p e r  m i n
0*6
0-5
6 h,
2h
•4rtz
0-3
8h
time mih
v i b r a t i o n r e c o v e r y
F ig u re  6 . 2 Mean v a lu es  o f oxygen consum ption 
w ith  exposure to  v ib r a t io n  a t  a  
c o n s tan t a o c e le ra tio n -a m p litu d e  *
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to  no te  th a t  the in c re a se s  in  m etabolic oxygen consumption ob ta ined  
w ith  the s u b je c t  exposed to  vibration a t  frequencies o f 2 îîz and
4 Hs ware d isp ro p o r tio n a te ly  le e s  than the corresponding  in c re ase s  
in  v a lu es o f pulmonary v e n t i la t io n  ob ta ined  during  v ib ra t io n  
exposure a t  th e  same frequencieso  With exposure of th e  su b je c t 
to co n s tan t a c c e le ra t io n  vibration a t  frequencies o f 8 and 10 %Ig 
th e re  were no s ig n i f ic a n t  changes in  values of m etabolic, oxygen 
consumption over th o se  ob ta in ed  w ith  the s u b je c t a t  rest.
In  o rd e r to  allow  a comparison to  be made o f the  m etabo lic  
energy expended by th e  s u b je c t  during  whole-body v ib r a t io n  w ith  
th a t  expended by th e  p i l o t  f ly in g  v ario u s a i r c r a f t*  mean v alues of 
m etabo lic  oxygen consumption have been converted  to  v a lu es o f 
energy expend itu re  (unit* kcal/m^hr)» These a re  p resen ted  in  
Table 6 .6  fo r  e ig h t su b je c ts  exposed to  v ib r a t io n  a t  a co n s tan t 
a c c e le ra tio n  am plitude and v ario u s freq u en c ies  «
(d) Carbon d iox ide  o u tp u t
The r e s u l t s  o f measurements o f carbon d io x id e  o u tp u t ob ta ined  
during  th i s  s e r ie s  o f experim ents a re  shown in  Table 6 ,7  for e ig h t 
su b je c ts  who were r e s tr a in e d  and u n re s tra in e d  in th e  v ib ra t io n  s e a t  
I t  may be seen  by re fe re n c e  to  th i s  ta b le  th a t  fo r  bo th  co n d itio n s 
of th e  experim ent (su b je c t r e s tr a in e d  and unrestrained) th e re  was 
a m oderate in c re a se  in  th e  v a lu es of carbon d io x id e  p roduction  
during  v ib r a t io n  a t  freq u en c ies  of 2* 4 and 6 Hz over those values
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Tabla 6 .6  M etabolic energy expended by the  su b je c t during  
exposure to  whole^body v ib ra t io n  a t  various 
f re q u e n c ie s . Mean values fo r  e ig h t s u b je c ts .
Mean m etabo lic  energy ex p en d itu re  (kcal/m ^hr)
Frequency of in  th e  fo llow ing  co n d itio n ss
v ib ra t io n  (Hz) A fte r  5 min A fte r  10 minR est v ib ra t io n v ib r a t io n Recovery
2 48,2 56,5 56.0 48.3
4 48,1 60,7 58.9 44.2
6 50.0 62,3 59.4 46.7
8 46,8 46.9 45.3 42.1
10 46.7 48 » 4 49.2 47,3
ob ta in ed  x-jith th e  su b je c t a t  r e s t  p r io r  to  th e  v ib r a t io n  p e rio d .
The maximuiïî in c re a se  in  carbon d iox ide  o u tp u t was ob ta in ed  a f t e r  
the  f i r s t  f iv e  m inutes o f v ib ra t io n  and th e r e a f te r  d ec lin e d  towards 
c o n tro l v a lu es  a t  the end of the ten  minute p erio d  o f vibration 
exposuree The g r e a te s t  change in  carbon d io x id e  o u tp u t was 
ob ta ined  w ith  exposure o f the su b je c t to  v ib r a t io n  a t  a frequency 
of 6 llz and a n a ly s is  has sh o w  th a t  th is  was s ig n i f ic a n t ly  g re a te r  
than v a lu es  obtained w ith  th e  su b je c t at r e s t  (P -  0 .0 0 1 ) . With 
exposure of th e  su b je c t to  v ib ra t io n  a t  f req u en c ies  of 2 and 4 Hs 
th e re  was a moderate in c re a se  in  carbon d io x id e  p ro d u ctio n  a f t e r  
5 m inutes and 10 m inutes exposure and the v a lu es ob ta in ed  were 
s ig n i f ic a n t ly  g re a te r  than those  ob ta in ed  during  the  p eriod  of
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Table 6*7 E ffe c t  of whole-body v ib ra t io n  (co n s ta n t a c c e le ra tio n  
am plitude) upon carbon d iox ide  p ro d u c tio n  in  e ig h t 
subi a c ts  exposed to v ib ra t io n  a t  freq u en c ie s  2 ■“ 10 Hz 
in  th e  restrained and u n re s tra in e d  co n d itio n
Frequency of 
vibration (Hz)
2
4
6
8
10
2
4
6
8
10
Mean v a lu e  of carbon d io x id e  o u tp u t / (L/min 
STPD) in  the fo llow ing  co n d itio n ss
R est
0.284
0.275
0.284
0.281
0.291
0.293
0.284
0,287
0.279
0.289
After 5 inin After 10 min 
vibration vibration
EESTRAIKEP 
0.335 
0,320 
0.342 
0.310 
0.300
imŒSTRAimD
^  ™irwe 4iisy» ,  «H.-wwfi'i» 1,^11*
0,352
0,360
0.339
0.306
0.301
0.279
0.297
0.321
0,280
0.287
0,308
0.338
0.317
0.281
0,279
Recovery
0.248
0.215 
0 .2 2 0  
0.242 
0.251
0.257 
0.232 
0.228 
0.240 
0.248
r e s t  (P K3 0.001). With exposure of the  su b je c t to  v ib ra t io n  a t  
freq u en cies  o f 8 and 10 Hz however th e re  was no s ig n i f ic a n t  
d if fe re n c e  in v alues of carbon d iox ide ou tpu t o b ta in ed  during  the 
p erio d  of vibration over those  values obtained w ith  the su b je c t 
a t  r e s t .  There was no s ig n i f ic a n t  d if fe re n c e s  in  the values f o r  
carbon d io x id e  o u tp u t betX’jeexi the  two conditions o f the  escperiment
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in  which the  s u b je c t  was re s  tra in e d  and irar es tra in e d  in  th e  
v ib 'ra tin g  s e a t  during  v ib ra t io n  exposure.
(e) R e sp ira to ry  exchange r a t io
The r e s u l t s  of measurements of R e sp ira to ry  Exchange R atio  
ob ta ined  in  th i s  s e r ie s  o f experim ents a re  p re sen ted  in  Table 6 .8  
fo r  e ig h t  su b je c ts  exposed to  v ib ra t io n  a t  a  c o n s ta n t acceleration™  
amplitude* bo th  in  the r e s tr a in e d  and u n re s tra in e d  p o s it io n s  in  
the v ib ra t in g  s e a t .  I t  may be seen by re fe re n c e  to  Table 6 .8  
th a t  in  bo th  co n d itio n s of the  experim ent ( i . e .  w ith  the  subjcict 
r e s tr a in e d  and u n re s tra in e d  in  the  s e a t)  th e re  was a  m rk ed  in c re a se  
in  v a lu es  of r e s p ir a to ry  exchange r a t i o  ( in  some cases to  va lues 
g re a te r  than  u n ity )  during  the f i r s t  f iv e  m inutes o f exposure of 
the  experim enta l s u b je c t  to  v ib ra t io n  a t  freq u en cies  o f 2 and 4 
H e .  Tliese changes were h ig h ly  s ig n i f ic a n t  (F -  0 .001) when 
compared w ith  v a lu es  of r e s p ir a to ry  exchange r a t i o  o h ta in ed  during  
the  p e rio d  o f r e s t  p r io r  to  v ib r a t io n .  A nalysis has shomi th a t  
a t  th e se  freq u en cies  where a  cb.ange in  R esp ira to ry  Exchange R atio  
occurred* th is  was g r e a te s t  a f t e r  f iv e  minutes o f exposure to 
v ib ra tio n *  a f t e r  which th e re  was a red u c tio n  in  th e  value  ob ta ined  
towards the end o f the v ib ra t io n  p e rio d . With v ib ra t io n  exposures 
a t  freq u en cies  o f 6 , B and 10 He th e re  were no s ig n i f ic a n t  changes 
in  th e  value  of R esp ira to ry  Exchange R atio  from those ob ta ined  
during  the  r e s t  perio d  p r io r  to  v ib ra t io n .
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T ab le  6 .8 E ffe c ts  o f whole™body v ib ra tio n  a t  cons ta n t  a c c e le ra tio n  
amplitude on the Respiratory Exchange R a tio , E igh t 
su b je c ts  exposed to  vibration a t  frequencies of 2 ■*• 10 
Hz in the r e s tr a in e d  and unrestrained condition
Frequency of 
v ib ra t io n  (Hz)
Meavi V 
R est
a lu e  of R esp ira to ry  Exchange Re 
the  fo llow ing  c o n d itio n s ;
A fte r  5 min A fte r  10 min 
v ib ra tio n  v ib ra t io n
i t io  in  
Recovery
RESTRAINED
2 0,94 1.03 0 .90 0 .83
4 0 .9 3 1.04 0 ,91 0.80
6 0.89 0.98 0 .90 0.80
8 0 .89 0 .94 0 .92 0.82
10 0.92 0 .90 0 ,89 0 .83
UmBSTRAIHED
2 0.91 1.02 0 .91 0.82
4 0.91 1.01 0 .95 0.82
6 0.91 0.96 0 .90 0.82
8 0 .91 0.95 0 .92 0.82
10 0 .92 0.92 0 .89 0 .8 4
«I4IIL» HIM 1 ill'll II*H
( f) Syirptoios arising during  who 1 e-body v ib ra t io n
As ill th e  previous s e r ie s  of experim ents* each s u b je c t  was 
asked to  com plete a q u es tio n n a ire  a t  the end of each exposure to 
v ib ra t io n  a t  c o n s ta n t acceleration-amplitude. This q u e s tio n n a ire  
asked s p e c i f ic a l ly  f o r  d e t a i l s  of gen era l com fort during  the
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v ib ra t io n  rim  w ith  p a r t ic u la r  emphasis on any symptom o f dis*™ 
com fort experienced in  the chesty abdomen, back , head and neck, 
p e lv is  o r other anatom ical s i t e .  The re p o r ts  o f d iscom fort 
a r is in g  during  a t o t a l  o f SO experim ental v ib ra t io n  exposures 
a re  summarised in  Tables 6 ,9  and 6*10 fo r  e ig h t  su b je c ts  exposed 
to  v ib ra t io n  a t  a co n s tan t acee 1eratioa™*amplitude and freq u en c ies  
o f 2 * 10 Hi3, The r e s u l t s  in  Table 6 ,9  show th e  number o f 
r e p o r ts  o f d iscom fort during  the runs in  which th e  s u b je c t was 
f u l ly  r e s t r a in e d  in  the  v ib ra t in g  s e a t ,  w h ile  in  Table 6,10 
r e s u l t s  a re  g iven fo r  tlie co n d itio n  in  which the  subject was 
m ire s tra in e d  in  the  s e a t .
I t  may be seen by re fe re n c e  to  Tables 6 ,9  and 6,10 th a t  in  
gen era l terms, th e re  were very few re p o r ts  o f d isco m fo rt by 
su b je c ts  exposed to  v ib ra t io n  of the type used in  this p a r t  of 
the  s tu d y . In th e  co n d itio n s  of the  experim ent where the su b je c t 
was restrained and unrestrained in the v ib r a t in g  s e a t  th e re  w ere, 
however, a few re p o r ts  of discomfort in  the  c h e s t and abdmm.nal 
reg ions during  exposure of the  su b je c t to  whole-body v ib ra t io n  
a t  a frequency of 6 Hs, In  each case, however, the  re p o r tin g  
s u b je c t s ta te d  th a t  these  symptoms of d isco m fo rt could be re lie v e d  
by deliberate ten s in g  of musculature of c h e s t wall and abdomen.
I t  should  be re-em phasised a t  th is  s tag e  th a t  the su b je c ts  were 
repeatedly instructed .to make no d e l ib e ra te  a ttem p ts to  r e l ie v e  
th e i r  discomfort during the  v ib ra t io n  period. The discomfort
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Table 6,9 SuBimary o£ syimtome rep o rted  during  whole-body v ib ra t io n  
a t  co n s ta n t acce le ra tio ir-a iap litu d e  and freq u en c ies  o f 
2 -  10 l i g h t  su b je c ts  r e s tr a in e d  in  the v ib ra tin g
s e a t  (each i- re p re se n ts  one re p o r t  o f d iscom fort)
Symptom
■ irwwwMMWAWiPj
G eneral
d iscom fort
D iscom fort o r  p a in
in  c h e s t
D iscom fort o r p a in  
in  abdomen
D iscom fort or pain 
in back
D iscom fort o r p a in  
in  head and neck
Discomfort or p a in  
in  p e lv is
freq u en cy  of v ib ra t io n  (Ea) 
2 4 6 8 10
RESTRAINED
4*‘3*
arising in  some subjects during  exposure to  v ib ra t io n  a t  a 
frequency of 6 Hs was s im ila r  in nature but of less severity than 
th a t  experienced a t  the same frequency (6 Ha) during  the co n s tan t 
amplitude vibration experiments#
Of particular i n t e r e s t  in  the p re se n t co n tex t is the alm ost 
to t a l  absence of reports of discomfort during  exposure of the 
su b je c t to  v ib ra t io n  at frequencies of 2 and 4 R%, With exposure
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l&ble 6 .10 Sumiiiary o£ symptoms rep o rted  d u r in g who 1 embody 
vibration at constant acceleratlon-amplitudo and
freq u en c ies  of 2 ■“ 10 Ha, Eight subjects
m ire s tra in ed  in the vibrating seat
Symptom
Frequency of vibration (Hz) 
2 4 6 8 10
ITMBESlilAIKEB
General
d iscom fort
D iscom fort o r pain
in ch e s t
Discomfort: o r p a in *î.
in  abdomen
Discomfort or pain
in back
D iscom fort o r pain
in  head and neck
D iscom fort o r pain 4'
in pelvis
to  v ib r a t io n  a t  th e se  freq u en c ies  i t  w i l l  be r e c a l le d  th a t  th e re  
was an in c re a se  in  pulmonary ventilation to  v a lu es  g re a te r  than  
those o b ta in ed  a t  r e s t ,  with a moderate degree o f h y p e rv e n tila t io n  
and hypocapnia. The absence of symptoms o f d isco m fo rt during 
v ib ra t io n  at the  freq u en cies  causing th e  g r e a te s t  r e s p ir a to ry  
changea c o n tra s ts  w ith  th e  f in d n ig s  of th e  p rev ious experiments
213,
(co n s tan t amplitude s e r ie s  -  rep o rted  in  Chapter 4) where the  
su b je c t experienced severe  d iscom fort during czcposure to th e  
h ig h er freq u en c ies  of v ib ra t io n  used in  the study  and where the  
g r e a te s t  r e s p ir a to ry  changes were a lso  observed.
In  the p re se n t a e r ie s  of experim ents no s u b je c t  rep o rted  
any symptoms which could be a t t r ib u te d  to  hypocapnia a t  any of 
the freq u en c ies  of v ib ra t io n  used In the  study,
6 ,4  Bis eus s ion
The experim ents which have been d escrib ed  in  th i s  chap ter 
confirm  th e  f in d in g s  of the few prev ious workers in  th i s  f i e ld  
(Dixon e t  a l ,  19615 E m s tin g , 1961; D uffner e t  a l ,  1962) th a t  
whole-'djody v ib ra t io n  a t  a co n s tan t acce le ra tio n - 'am p litu d e  and a t  
c e r ta in  freq u en c ies  causes an increase in  the le v e l  o f pulmonary 
ventilation in  the  experim ental s u b je c t .  Thus i t  has been shown 
th a t  w ith  v ib ra t io n  a t  an a c c e le ra tio n  am plitude of 0 ,4  Gs and 
at fre q u en c ies  o f 2 , 4 and 6  Hz th e re  was an in c re a se  in  m inute 
volume v e n t i la t io n  to  values g re a te r  than those  ob ta ined  a t  r e s t .
This increase in m inute volume v e n t i la t io n  during  the period of 
whole-^body v ib ra t io n  occurred within I to  I  m inute of the s t a r t  
of the v ib ra t io n  exposure, reached a maximum v a lu e  during  the 
f i r s t  five minutes of v ib ra t io n  and thereafter, decreased in 
magnitude toi?erds the end of the  v ib ra tio n  p e r io d . The c h a ra c te r i s t ic s  
of th e  changes in  pulmonary v e n t i la t io n  were similar to  those
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rep o rted  hy p rev ious workers fo r  v ib ra t io n  a t  a co n s ta n t a c ce le ra tio n -  
am plitude although in  the present a e r ie s  of experim ents the 
m agnitudes of the in c re a se s  in  pulmonary v e n t i la t io n  were somewhat 
le s s  than  th o se  ob ta ined  by previous au th o rs who used s im ila r  
co n d itio n s o f  v ib r a t io n .
In  c o n tra s t  to  the  f in d in g s  of the p rev ious s e r ie s  of 
experim ents c a r r ie d  o u t in  th is  in v e s t ig a t io n  (using  co n s tan t 
am plitude v ib ra tio n )  the  changes in  pulmonary v e n t i la t io n  in  the 
p re se n t essperiments were g r e a te s t  a t  the  lower freq u en c ies  used 
ill the  study  ( i« e . a t  2^ 4 and 6 llz w ith  co n s tan t a c c e le ra t io n -  
am plitude v ib ra t io n  as compared w ith  6*, 8 and 10 Ez w ith  co n s tan t 
am plitude v ib r a t io n ) .  The increase in  pulmonary v e n t i la t io n  a t  
the lower range of freq u en c ies  s tu d ied  (2 and 4 Hz) was brought 
about almost exclusively by an in c re ase  in t i d a l  volume, the 
respiratory frequency remaining virtually unchanged throughout the 
perio d  o f r e s t ,  v ib ra t io n  and recovery . This c o n tra s ts  with the 
findings in the earlier series of experiments where exposure of 
the su b je c t to v ib ra t io n  a t  a constant am plitude caused an 
increase in pulmonary ventilation a t  certain freq u en c ies  which 
was b rought about partly by an in c rease  in  tidal volume and 
p a r t ly  by an increase in  r e s p ir a to ry  rate.
A nalysis of the d a ta  has shown that th e  greatest in c re a se  in  
pulmonary ventilation during  the  period  of v ib ra t io n  at co n stan t 
acceleration"*'am plitude occurred  a t  a frequency o f 6 Hz. This
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f in d in g  i s  s im ila r  to  th a t  o f D uffner et: a l ,  1962, who observed 
the  g r e a te s t  increase in pulmonary ventilation during  exposure of 
th e i r  su b je c ts  to  v ib ra t io n  a t  a co n s tan t acceXeratioii-'-araplitude 
o f De35 Gz and a frequency of 5 llz« S ince th i s  i s  one of the  
dominant modes o f resonance in  the  sea ted  body, th e se  au thors 
o ffe re d  th is  as an ex p lan a tio n  fo r  th e i r  f in d in g s , In  th a t  s tu d y , 
however, D uffner a t  a l  adduced evidence th a t  t r u e îy p e rv e n t i la t io a  
occurred  w ith  exposure of the  su b je c t to  v ib ra t io n  a t  th is  
frequency as th e re  was an in c re a se  in  the respiratory q u o tie n t to  
va lues g re a te r  than l.O and a modest f a l l  in  a lv e o la r  carbon dioxide 
c o n c e n tra tio n . By c o n t r a s t ,  th e  fin d in g s  of the  p re se n t experim ents 
c le a r ly  in d ic a te  th a t  exposure of the su b je c t to  v ib ra t io n  a t  a 
frequency of 6 Its d id  n o t induce h y p e rv e n tila t io n  o r  hypocapnia.
Thus although the  g r e a te s t  change in pulmonary v e n t i la t io n  was 
ob ta ined  during  v ib ra t io n  a t  a frequency o f 6 llz (during  v ib ra tio n  
mean pulmonary ventilation was 28.5% g re a te r  than v a lu es obtained 
at r e s t )  th e re  was a proportional increase in metabolic oxygen 
conouïïïptiou du ring  exposure to  v ib ra tio n  at th e  same frequency 
(mean in c re a se  26*7% over r e s t in g  v a lu e s ) , v i r t u a l ly  no change 
in  the  R esp ira to ry  Exchange R atio  and no reduction in end t i d a l  
carbon d iox ide  tension. I t  is likely th a t  the r e s p ir a to ry  changes 
observed in th e  s u b je c t exposed to  v ib ra t io n  a t  a frequency of 
6 Hz resulted as a consequence of increased metabolic activity 
during  the  p e rio d  of vibration. It is noteworthy, th a t  with
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the conclitioBS of v ib ra t io n  used in the  present study (acceleration 
^ 0 ,4  Gz) no h y p e rv e n ti la t io n  occurred in th e  exposed su b je c t
a t  a fo rc in g  frequency o f 6 Hz although in  a p rev io u s experim ent 
(re p o rte d  in  C hapter 3) exposure to  v ib ra t io n  a t  th is  frequency 
and an a c c e le ra t io n  o f ^  0 ,5  Gz caused q u ite  marked h y p e rv e n ti la t io n . 
It i s  c le a r  from th i s  o b se rv a tio n  th a t  the  in te n s i ty  o f  the 
imposed v ib r a t io n  stim u lus i s  an im portan t f a c to r  in  the r e s p ir a to ry  
changes induced by whole^body v ib ra t io n  a t  th is  frequency and 
i t  i s  l ik e ly  th a t  the  ex p lan a tio n  fo r  th is  d if fe re n c e  l i e s  in  the  
f a c t  th a t  the  v ib ra t io n  a t  lower in te n s i ty  ( a c c e le ra tio n  + 0 .4  Gz) 
was of in s u f f i c ie n t  magnitude as to  cause se r io u s  d iscom fort o r  
p a in  in  th e  subject. I t  should be no ted  th a t  in  th e  p re se n t 
experim ents th e re  were vary  few re p o r ts  o f d iscom fort during  
v ib ra t io n  exposure and those th a t  d id  occur were of a comparatively 
minor n a tu re  only*
An important f in d in g  in the p re se n t s e r ie s  o f experiments is 
th a t  a t  c e r ta in  frequencies, whole*"body v ib ra t io n  a t  a co n s tan t 
acceleration-amplitude induced hyperventilation w ith  hypocapnia.
Thus i t  has been shown th a t  exposure of tli.e subject to  v ib ra tio n  
a t  a c o n s ta n t accoleration*"*amplitude and freq u en c ies  of 2 Hz and 
4 Ez Induced a moderate in c re a se  in  values of pulmonary ventilation 
over those values ob ta ined  during the  p eriod  o f r e s t  (mean in c rease s  
a t  2 Hz and 4 Hz were 19.6% and 19.9% r e s p e c t iv e ly ) .  With 
exposure to  v ib ra t io n  a t  the same freq u en c ies  th e re  was a small
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in c re a se  in m etabo lic  oxygen consumption (mean increases over 
r e s t in g  v alues fo r  2 Hz and 4 Ez were 9,7% and 9,6% respectively) 
although a t  th e se  freq u en c ies  of v ib ra t io n  there was a g re a te r  
increase in  pulmonary v e n t i la t io n  than the  corresponding  r e la t iv e  
in c re a se  in  m etabo lic  oxygen consumption. F u rth e r evidence fo r 
the occurrence of tru e  h y p e rv e n tila t io n  i s  supported  by a g re a te r  
increase in  carbon d iox ide p roduction  than  In  oxygen uptake as 
r e f le c te d  by v alues o f the r e s p ir a to ry  exchange r a t i o  ob ta ined  
during  th e se  co n d itio n s  o f v ib ra t io n . The occurrence of hypo­
capnia in  the  su b je c t exposed to  v ib ra t io n  a t  freq u en c ie s  of 
2 Hz and 4 Hz was demonstrated by a moderate f a l l  in  end t i d a l  
carbon d io x id e  te n s io n  during  th e  f i r s t  f iv e  m inute p erio d  of 
v ib ra t io n  exposure a t  th ese  fre q u e n c ie s . I t  was observed th a t  
the  h y p e rv e n tila t io n  and r e s u l t in g  hypocapnia occurred only  during 
the  f i r s t  f iv e  m inutes of v ib ra t io n  exposure a t  freq u en c ies  of 
2 Hz and 4 Hz and th a t  towards the  end of exposure to  v ib ra t io n  
a t  th e se  freq u en cies  the in c re a se  in pulmonary v e n t i la t io n  was 
p ro p o rtio n a l to  the r e la t iv e  in c re a se  in oxygen consumption.
This c o n tra s ts  w ith  the  fin d in g s  of the p rev ious experim ents 
(using  c o n s ta n t amplitude v ib ra t io n )  where h y p e rv e n tila t io n  and 
hypocapnia occu rred  a t  c e r ta in  frequencies of v ib ra t io n  s tu d ied  
and was su s ta in e d  throughout th e  e n t i r e  p e rio d  o f v ib ra t io n  
exposure. In  th e i r  s tu d ie s^  D uffner e t  a l  (1962) observed a 
s im ila r  phenomenon during  exposure o f th e i r  subjects to whole-hody
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v ib ra t io n  a t  cons tant accoler ation-amplitnde (jt 0*35 G) and
freq u en c ies  o f 2 -  7 lis * The re tu rn  of e f f e c t iv e  ventilation 
towards c o n tro l v a lues during  the v ib ra t io n  period a f t e r  i n i t i a l  
h^ifperventilation  suggested  to  th ese  authors th a t  there might be 
e i th e r  a co u n te rac tin g  stimulus to h y p e rv e n tila t io n  o r some form 
o f a d a p ta tio n  to  the  vibration co n d itio n .
The r e s u l t s  of th i s  study  show th a t  a f t e r  a c e r ta in  period, 
exposure o f the  su b je c t to  whole-body v ib ra t io n  a t  co n s tan t 
acceleration-amp1itude ( f  0*4 G) induced h y p e rv e n ti la t io n  and 
hypocapnia a t  th e  lower freq u en c ies  s tu d ie d  (2 Kz and 4 H z). This 
is in  c o n tra s t  to  th e  f in d in g s  of the prev ious series of experiments 
in  which exposure of th e  su b je c t to  v ib ra t io n  a t  a co n s tan t 
am plitude induced the  r e s p ir a to ry  changes a t  th e  higher freq u en cies  
o f v ib ra t io n  studied (6, 8 and 10 Hz). Art explanation fo r  the 
hyperventilation and hypocapnia observed in  th e  co n s tan t amplitude 
v ib ra t io n  s tu d ie s  was advanced on the b a s is  o f  sh eer d iscom fort 
induced by v ib ra t io n  a t  h igh in te n s ity *  In  this s e r ie s  of 
experiments (using  v ib ra t io n  a t  a  co n s tan t acce le ra tio n ^ av p litu c le )  
h y p e rv e n tila t io n  and hypocapnia which occurred  a t  the  lower end 
of the  frequency range studied, was no t accompanied by any d is ­
comfort* S im ila r changes have been d escrib ed  by Dixon e t  a l  
(1961) who exposed normal su b je c ts  to  p o s i t iv e  n ear v e r t i c a l  
movements o f the trunk  a t  freq u en cies  of 0 ,5  and 0*8 Hz, They 
found th a t  th i s  procedure induced a co n s id e rab le  in c re a se  in
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pulmonary ventilation in the absence of any d iscom fo rt on the p a r t  
of the  s u b je c t and these au thors suggested  th a t  th e se  r e s p ir a to ry  
changes m ight be clue to  la b y rin th in e  s t im u la tio n . In th e  s tu d ie s  
c a r r ie d  ou t by E rn s tin g  (1951) su b je c ts  were exposed to  v ib ra tio n  
a t  a constru it a c c e le ra tio n  ( f  0 ,25 Gz) over th e  frequency range 
1 ,7  to  9o5 Hz, and an in c re a se  in  pulmonary v e n t i la t io n  w ith  
evidence of h y p e rv e n tila t io n  and hypocapnia was o b ta in ed  w ith  the  
s u b je c t exposed to  v ib ra t io n  a t  th e  lower end of th e  frequency 
range s tu d ie d . In  that in v e s t ig a t io n  as in  th e  p re se n t experiments, 
th e re  was no ap p rec iab le  d iscom fort a t  the lower freq u en c ies  of 
v ib ra t io n  and the h y p e rv e n tila t io n  which occurred  a t  th ese  f r e ­
quencies was a lso  a sc rib ed  by th is  au thor to  la b y r in th in e  s tim u la tio n . 
I t  i s  p o ss ib le  th a t  such a mechanism was re sp o n s ib le  fo r  the 
r e s p ir a to ry  changes observed in  the  present s e r ie s  of experiments, 
b u t b e fo re  advancing th i s  hypothesis it is  f i r s t  n ecessa ry  to 
co n sid er and exclude a number of o th e r fa c to rs  which m ight have 
been re sp o n s ib le .
A tte n tio n  lias been cirami to  the f a c t  th a t  exposure of the 
subject to low frequency (2 and 4 Hz) vibration at co n s tan t 
acceleration-amplitude (  ^0,4 G%) was not associated w ith  e i th e r  
p a ia  o r d iscom fort a t  the freq u en cies  of vibration during which 
h y p e rv e n ti la t io n  and hypocapnia were observed* I t  is c le a r  
th e re fo re  th a t  in  c o n tra s t  to  the  r e s u l t s  ob ta ined  in the p rev ious 
experiments where fran k  p a in  and d iscom fort occu rred  at. the h ig h e r
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i n t e n s i t i e s  o f v ib ra t io n  studied  (and during  which marked hyper- 
v e n t ila t io n  and hypocapnia were observed) th is  cannot be advanced
as the  ex p lan a tio n  fo r  the  observed r e s p ir a to ry  changes. In
cosmion w ith both  se r ie s  of experiments (i*e« constant am plitude 
and co n s tan t a c c e le ra t io n  v ib ra tio n )  th e re  was in  th e  p re se n t 
experim ents no cundaty on the  p a r t  of the su b jec ts ., a l l  of whom 
were h ig h ly  experienced  in  v ib ration  procedures* and i t  i s  b e liev ed  
th a t  th i s  could n o t have beau a f a c to r  c o n tr ib u tin g  to  the observed 
h y p e rv en tila tio n *  A number of au thors have considered  the 
p o s s ib i l i t y  th a t  h y p e rv e n tila t io n  during  whole-body v ib ra t io n  
could a r i s e  as a r e s u l t  of s tim u la tio n  of Biechanoraceptors through 
m echanical d i s to r t io n  o f t is s u e s  w ith  a consequent r e f le x  in c re a se  
in  pulmonary v e n t i la t io n  beyond the requirem ents of the body. 
Although such A mechanism cannot be excluded, i t  would he expected  
th a t  the g r e a te s t  degree o f  h y p e rv e n tila t io n  would a r is e  in  the 
v ib ra t io n  s i tu a t io n  which g ives r i s e  to  the  g r e a te s t  degree of 
mechanical movement o f t is s u e s  and organs o f the body -  l , e ,  a t  
resonance. As p rev io u s ly  s ta te d , one such resonance e x is ts  in  
the seated  su b je c t a t  a frequency of about 5 Hz and the r e s u l t s  
o f  the present study  have shown th a t  a t a fo rc in g  frequency of 
6 Ha th e re  was considerable movement or c e r ta in  t i s s u e s  accompanied 
by s l ig h t  but m easurable d iscom fort on the p a r t  of the subject#
At th is  frequency of v ib ra t io n  there was, however, no evidence 
o f  h yp erven tila tion  in  the experim ental su bject and th is  would
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support the b e l ie f  th a t  s tim u la tio n  of B-iechanore c e p to rs  was no t 
the  meehaai#m re sp o n s ib le  fo r  th e  h y p e rv e n tila t io n  and hypocapnia 
induced by vibration a t  the lower freq u en cies  S tu d ie d *
One p o s s ib i l i t y  which must be considered  i s  th a t  a p ro p o rtio n  
of the increase in pulmonary v e n t i la t io n  observed a t  c e r ta in  
freq u en c ies  during  whole-body v ib ra t io n  a t  a c o n s ta n t a c c e le ra t io n -  
am plitude might have been due to  th e  abdominal co n ten ts  o s c i l l a t in g  
in  and o u t of th e  th o ra c ic  cage during  v ib ra t io n  and thus d riv in g  
gas in  and ou t o f the lungs* In  h is  investigations, E rn stin g  
(1961) showed, however* th a t  the  volume of gas o s c i l l a t in g  in and 
ou t of th e  r e s p ir a to ry  t r a c t  in this way was co n s id e rab ly  less 
than  the volume of the anatom ical dead space and i t  is u n lik e ly  
th e re fo re  th a t  such a p rocess could c o n tr ib u te  significantly to  
th e  production of hypocapnia.
I t  i s  very  d i f f i c u l t ,  therefore, to  advance an ex p lan a tio n  
fo r  the  r e s p ir a to ry  changes observed in th is  study w ith  exposure 
of the su b je c t to  wiiole-body v ib ra t io n  a t  a c o n s ta n t a c c e le ra t io n -  
amplitude. One p o s s i b i l i t y ,  however, rem ains -  th a t  at: the 
lower frequencies in the range studied, whole-body vibration may 
induce v e r t i c a l  mid r o ta t io n a l  movements of the head of such 
magnitude as to cause stiBiulation of the 3.abyrinth and %'eflex 
hyperventilation. Although there is no conclusive evidence for 
the existence of a reflex mechanism of this type causing  an 
in c re a se  in pulmonary v e n t i la t io n  it i s  laiown that th e re  i s  a
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wide distribution of vestibular reflexes. It is p o s s ib le ,  
th e re fo re , th a t  among the many re f le x e s  associated with v e s t ib u la r  
s tim u la tio n  th e re  may be a r e f le x  mechanism causing  h y p e rv e n tila t io n  
in  response to  s h o r t  d u ra tio n  l in e a r  and r o ta t io n a l  a c c e le ra tio n  
of the  head during  c e r ta in  co n d itio n s of whole-body v ib r a t io n .
To d a te , however, a l l  p rev ious a ttem pts to  dem onstrate such a 
mechanism (Lamb and Tenney, 1966) by exposing the  head of a 
s u b je c t d i r e c t ly  to  v ib ra tio n s  have no t proved su ccessfu l*  U n til 
more evidence becoiaea a v a ila b le  any p roposal th a t  such a r e f le x  
mechanism i s  th e  cause of h y p e rv e n tila t io n  during  c e r ta in  co n d itio n s  
o f v ib ra t io n  m ust, of co u rse , re im in  e n t i r e ly  s p e c u la tiv e .
With regard  to  the  m etabo lic  energy oxpended by th e  s u b je c t 
during  exposure to  whole-body v ib ra t io n  a t  c o n s ta n t a c c e le ra tio n  
i t  has been shown in this study  that th e re  was a moderate increase 
in oxygen consumption during vibration at frequencies of 2 Hz 
and 4 Hz, At these  lower frequencies, considerable displacement 
of th e  vibrating platform was required in o rd er to  maintain an 
a c c é lé ra tio n  am plitude o f 0.4 Gz and i t  i s  l ik e ly  th a t  the  in c rease  
in  oxygen consumption ob ta in ed  during  v ib ra t io n  r e s u l te d  from 
th e  m uscular e f f o r t  re q u ired  by the su b je c t to  maintain his 
p o stu re  in  the face  of v io le n t  shaking, Thio b e l i e f  i s  re in fo rc e d  
by the f in d in g  th a t  during  v ib ra t io n  w ith  th e  s u b je c t  re s tr a in e d  
by harn ess in  the  s e a t ,  th e  values of oxygen consumption were 
s ig n i f ic a n t ly  lower a t  freq u en c ies  of Z llz and 4 Hz than  values
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ob ta in ed  when the  su b je c t was u n re s tra in e d  by harn ess * The 
g r e a te s t  increase in  m etabo lic  oxygen consumption occurred in  
the s u b je c t exposed to  co n s ta n t a c c e le ra tio n  v ib r a t io n  a t  a 
frequency o f 6 Hz and i t  i s  b e liev ed  th a t  th is  in c re a se  may have 
been b rought about by m uscular ten s in g  on th e  p a r t  o f the  s u b je c t 
as an a ttem p t to  modify the  tran sm iss io n  of v ib r a t io n  through the  
body o r to  reduce uncom fortable d i f f e r e n t i a l  movement of v arious 
p arts*  I t  w i l l  be r e c a l le d  th a t  during  exposure to  v ib ra t io n  
a t  a frequency of 6 Hz th e re  ware a few com plaints of d iscom fort 
in  c h e s t and abdominal re g io n s . The in c re a se  in  oxygen con­
sumption a t  t h i s  frequency could no t have r e s u l te d  from a 
requirem ent to  maintain posture s in ce  the  v a lu es o f the  
r e s p ir a to ry  v a r ia b le s  were o f the same magnitude in  the  experimental 
co n d itio n  in  which the subject was u n re s tra in e d  (and f re e  to  
a d ju s t  p o s tu re  during  vibration), as in  the  co n d itio n  where he 
was f irm ly  r e s t r a in e d  by harness in  the  v ib ra t in g  seat.
From a practical point of view, this part of the study has 
sliomi th a t  exposure to  v ib ra t io n  at: an a c c e le ra tio n  of 0 .4  Qz 
and frequencies of 2 Hz and 4 Ha causes an increase in metabolic 
activity which is similar in magnitude to that obtained in the 
pilot f ly in g  various fixed wing and ro ta ry  wing a i r c r a f t  in 
routine straight and le v e l  flight. With exposure to  v ib ra tio n  
of this type a t  a frequency of 6 Hz, however, there is a greater 
in c re a se  in metabolic energy expenditure d uring  th e  p erio d  of
vibration and th i s  approximates in magnitude to th e  energy expended 
by the p i l o t  of f ix e d  win& ro ta ry  wing a i r c r a f t  engaged in  
more strenuous phases of f l i g h t  ( e*g* ascent » descent, instrument 
approach in fixed wing and hovering close to the ground in rotary
wing a i r c r a f t ) «
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7.1  In tro d u c tio n
In  the  p rev ious c h a p te r , experim ents were d escrib ed  in  which 
th e  s u b je c t  was exposed to  whola-body v ib ra t io n  a t  a  c o n s tan t 
a c c é lé ra tion '-am plitude (j^ 0 .4  Gz) w h ils t  se a te d  in  an a i r c r a f t  
type s e a t  mounted on the  v ib ra to r  p la tfo rm . In  th a t  s tudy  i t  
was shoim th a t  exposure to  v ib ra t io n  a t  freq u en c ies  o f 2 llz and 
4 Hz caused a moderate in c re a se  in  pulmonary v e n t i l a t io n  which was 
a  t ru e  h y p e rv e n ti la t io n  w ith  hypocapnia. The magnitude of th e  
changes in  pulmonary v e n t i la t io n  w ere, however, s l i g h t ly  le e s  
than those ob ta in ed  by p rev ious workers (E rn s tin g , 1961; D uffner 
e t  a l ,  1962) whose su b je c ts  were exposed to  s im ila r  co n d itio n s  of 
v ib ra t io n  b u t were sea ted  in  an u p r ig h t p o s tu re  e i th e r  d i r e c t ly  
on the  p la tfo rm  o f th e  v ib r a to r  or on a sim ple s e a t  a ttac h ed  
th e reo n . This suggested  th e re fo re  th a t  the  d if fe re n c e s  in  the  
magnitude, o f the  r e s p ir a to ry  changes ob ta ined  in  th e  experim ents 
performed by p rev ious workers and those o b ta in ed  in  the  p re se n t 
se r ie s  m ight be exp la ined  on th e  b a s is  o f a d if fe re n c e  in  s i t t i n g  
p o s tu re . There i s  some evidence th a t  th e  response o f man to  
whole-body v ib ra t io n  a t  o r  n ea r re so n an t fre q u en c ie s  o f th e  body, 
may be m odified by th e  adop tion  o f a slouched p o s tu re , o r by 
lean in g  back in  a r e c l in in g  se a t  (Guignard, 1963) and i t  i s  
b e liev ed  th a t  m ajor resonance e f f e c t s  may be reduced by s u i ta b le  
p o s tu re  and o r ie n ta t io n  of th e  sea ted  man in  r e la t io n  to  the 
d i r e c t io n  o f v ib r a t io n .  I t  was considered  p o s s ib le  th a t  the
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adop tion  o f a  o em i-rec lin in g  p o stu re  ( re p re s e n ta tiv e  o f th a t  used 
in  normal f l i g h t )  m ight broaden the d is t r ib u t io n  o f the  fo rc e  
o f v ib ra tion  along th e  s p in a l a x is  in  such a way th a t  d i f f e r e n t i a l  
movement o f p a r ts  o f the  body would be reduced, end the  e f f e c t s  
r e s u l t in g  from th i s  moveimnt corresponding ly  l e s s .
In  view of the  p r a c t ic a l  i n t e r e s t  in  th e  s i t t i n g  p o s tu re  o f 
a irc rew  re q u ire d  to  o p era te  in  d i f f e r e n t  f l i g h t  c o n d itio n s , i t  was 
considered  th a t  i t  would be w orthw hile to  measure th e  r e s p ir a to ry  
changes a s s o c ia te d  w ith  exposure of the  s u b je c t  to  v ib ra t io n  w h ils t  
se a te d  in  an u p r ig h t p o s tu re , and to  compare the  r e s u l t s  w ith  those  
ob ta ined  during  exposure o f the  su b je c t to  th e  same co n d itio n s  of 
v ib r a t io n ,  b u t sea ted  in  a se m i-re c lin in g  p o s tu re . For th is  study  
i t  was decided to  expose th e  se a te d  su b je c t to  whole body v ib ra t io n  
a t  a  co n s ta n t acceleration*^am plitude ( ra th e r  than  a t  a  co n s ta n t 
d isp lacem ent am plitude) s in c e  the  r e s u l t s  o f the  p rev ious experim ents 
had suggested  th a t  the  r e s p ir a to ry  changes a s so c ia te d  w ith  exposure 
to  v ib r a t io n  o f th is  type mi*ght be r e la te d  more to  movement o f 
the  s u b j e c t h e a d  (and s tim u la tio n  o f th e  la b y r in th )  r a th e r  than 
to  th e  p a in  and d iscom fo rt induced by th e  v ib r a t io n  s tim u lu s .
In  th i s  p a r t  o f the  in v e s t ig a t io n , th e re fo re , the  r e s p ir a to ry  
e f f e c ts  o f whole body v ib ra t io n  a t  a co n s tan t a c c e le ra t io n  aw ^litude 
0 .4  Gz) and a t  freq u en c ies  of 2 , 4 , 6 , 8 and 10 Hz have been 
measured in  f iv e  su b je c ts  who s a t  in  an u p r ig h t p o s tu re  in  a 
s e a t  which was s p e c ia l ly  c o n s tru c ted  fo r  th i s  purpose and mounted
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on th e  p la tfo rm  o f the  vibrator®  3he r e s u l t s  of th e se  measure­
ments have been compared w ith  those  ob ta ined  du rin g  exposure o f 
the  s u b je c t to  th e  same co n d itio n s  of v ib ra t io n  b u t  w ith  him 
se a te d  in  a se m i-re c lin in g  p o s tu re  in  a modified a i r c r a f t  s e a t  which 
was mounted on the  v ib r a to r  p la tfo rm . The r e s u l t s  o f th is  in ­
v e s t ig a t io n  a re  rep o rted  in  th i s  ch ap te r o f th e  t h e s i s .
In  th e  p lann ing  s ta g e s  of the  experim ents i t  had been hoped 
th a t  measurements would be taken o f the  v e r t i c a l  and r o ta t io n a l  
components o f head movements during  exposure o f th e  s u b je c t  to  
v ib ra t io n  in  each s i t t i n g  p o s tu re . I t  was found, however, by 
p re lim in ary  ex p erim en ta tio n , th a t  the  magnitude o f th e  a c c e le ra t iv e  
fo rce  o f each o f  th e se  coB^onents o f head movement during  exposure 
to  v ib r a t io n  a t  a c o n s ta n t a c c e le ra tio n  of ^  0 .4  G, and freq u en c ies  
from 2 -  10 Hz was beyond the  m easuring c a p a b i l i t i e s  o f the  
e le c t ro n ic  tran sd u ce rs  which were a v a ila b le  fo r  th is  purpose® As 
mi a d d itio n  to  th e  main experim ental programme th e re fo re ,  th e  
v e r t i c a l  and r o ta t io n a l  components o f head movement were measured 
w ith  th e  s u b je c t  se a te d  in  each o f th e  t e s t  p ostu res, b u t w ith  
th e  in te n s i ty  of v ib ra t io n  exposure reduced to  an a c c e le ra t io n  
am plitude o f ^  0 .1  G. I t  xms found by p re lim in a ry  experim ents 
th a t  w ith  v ib ra t io n  a t  th is  in te n s i ty  a c cu ra te  measurements of 
head movement could  be ob ta in ed  a t  fo rc in g  freq u en c ie s  o f  2 , 4 and 
6 Hz u sin g  the  a v a ila b le  tra n sd u c e rs . The r e s u l t s  o f th is  
a d d i t io n a l  experim ent a re  a lso  inc luded  in  t h i s  ch ap te r  o f  the  th e s i s .
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7.2 Methods
Xu o rd er to  compare the  r e s p ir a to ry  e f f e c t s  o f exposing the  
su b je c t to  whole-body v ib ra t io n  in  each of two p o s tu re s  (p p rig h t 
and se iïii-rac lin itig )  two d i f f e r e n t  s e a ts  were mounted in  tu rn  on 
the  p la tfo rm  of th e  v ib r a to r .  For the  experim ents in  which the  
su b je c t was re q u ire d  to  assume a se m i-re c lin in g  p o s tu re , a m odified 
a i r c r a f t  e je c t io n  s e a t  w ith  i t s  ap p ro p ria te  back pack and s e a t -  
pack was mounted on the  v ib r a to r .  This s e a t  was the same one 
as th a t  used in  p rev ious experim ents d esc rib ed  in  th i s  th e s is  
and d e t a i l s  o f i t s  c o n s tru c tio n  and n a tu re  have been given e lsew here. 
For th e  experim ents in  which th e  su b je c t was re q u ire d  to  adopt an 
u p rig h t p o s tu re  a s p e c ia l  s e a t  was co n s tru c ted  and mounted on the  
p la tfo rm  of th e  v ib ra to r#  Tltio essperimetital s e a t  c o n s is te d  o f 
a re c ta n g u la r  shaped framework which was c o n s tru c ted  from ang le 
iro n  and b o lte d  on to  th e  p la tfo rm  of the  v ib r a to r  by means of four 
mounting lugs welded on to  each corner of th e  framework. à  f ib r e -  
g la ss  s e a t  pack ( th e  same one as th a t  used w ith  th e  m odified a i r ­
c r a f t  se a t)  was in s e r te d  in to  th e  m etal framework in  such a way 
th a t  i t s  upper su rfa ce  was h o r iz o n ta l  to  the f lo o r  upon which the  
v ib r a to r  was mounted. A f o o t r e s t  a f f ix e d  to  th e  f ro n t  edge of 
th e  framework allow ed the experim ental su b je c t to  s i t  u p r ig h t in  
a com fortable p o s tu re . Ho b a c k re s t was inc luded  in  th e  c o n s tru c tio n  
o f th is  s e a t .
F ive s u b je c ts ,  each o f whom had p a r t ic ip a te d  in  th e  p rev ious
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ex p e rirm its  took p a r t  in  th i s  in v e s t ig a t io n . Each su b je c t wore 
a  s tan d ard  Royal A ir Force p a t te rn  lig h W e ig h t c o v e ra l l ,  and an 
in te g r a l  p ro te c t iv e  helm et Mk 2 , and sa t in  e i th e r  o f the two 
sea ts  mounted on the  platform  of th e  v ib r a to r .  For the ex p e ri­
m ental se ss io n s  in  which the  su b je c t was re q u ire d  to  adopt an 
u p r ig h t p o s tu re  he sa t  on the esirperimental se a t  which had been 
co n s tru c ted  fo r  th i s  purpose, and he was in s t ru c te d  to  m ain ta in  
h is  back as s t r a ig h t  as p o s s ib le ,  f ix a te  h is  v is io n  on a d is ta n t  
eye datum p o in t and to  keep h is  hands r e s t in g  l i g h t l y  on h ie  
knees throughout the p e rio d  o f v ib ra t io n  exposure. Sim ilar 
in s t ru c t io n s  were given to  the  su b je c t in  th e  experim en ta l se ss io n s  
in  which he was req u ired  to  m ain ta in  a  se m i-re c lin in g  p o s tu re  
in  th e  m odified  a i r c r a f t  type s e a t .  On th i s  o ccasio n , however, 
he was in stru cted  to  p la ce  h is  back f irm ly  a g a in s t  the  backpack 
mounted in  th e  se a t  pan and thereby  to assume a p o s tu re  as c lo se  
to  th a t  used by a irc rew  in  f l i g h t  as was p o s s ib le . Each su b je c t 
b rea th ed  room a i r  from th e  experimental b rea th in g  c ir c u it ,  which 
was th e  same as th a t  used in  the previous experim ents* The 
n o s t r i l s  were occluded by a s u i ta b le  n o se -c lip «  E xpired gas 
was conducted by means o f wide bore hose from th e  e x p ira to ry  
p o r tio n  o f the  b re a th in g  c i r c u i t  to  a reco rd in g  gas m ater and 
then to  gas c o l le c t io n  equipment (a d e s c r ip tio n  o f which has 
been g iven elsew here) * A continuous measurement was made of 
end t i d a l  carbon d iox ide  co n cen tra tio n  using  an in f r a - r e d  carbon
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diox ide m eter, the sam pling probe o f which was in s e r te d  in to  the  
b rea th in g  c i r c u i t  c lo se  to  th e  l ip s  of the  su b jec t#  The ou tpu t 
s ig n a l ob ta in ed  from the  reco rd in g  head of th e  in f r a - r e d  carbon 
d io x id e  m eter was am p lified  and d isp layed  on a s in g le  channel o f 
an E otarline-Â ngus pen recorder*  Tha a c c e le ra tio n -a m p lltu d a  o f 
the  v ib ra t io n  measured a t  the  s e a t  o f th e  s u b je c t  du ring  exposure 
a t  each fo rc in g  frequency was ob ta ined  using  a v a r ia b le  r e s is ta n c e  
acce lerom eter (range ^  10 G), a s u i ta b le  am plifier and pen reco rd e r.
At v a rio u s  p erio d s throughout th e  experim enta l procedure 
a c o l le c t io n  was made o f expired gas over a p e rio d  o f th re e  
m inutes 0 In  each case th e  c o l le c t io n  was made in  a Douglas bag 
and the  contents of th e  bag were analysed  fo r  carbon d iox ide  and 
oxygen co n c en tra tio n s  and the  d a ta  ob ta ined  in  th i s  way were used 
to  c a lc u la te  m etabo lic  oxygen consumption, carbon d iox ide  o u tp u t 
and resp iratory  exchange r a t io  for v ario u s tim es du ring  the  
experim enta l p rocedure . A more d eta iled  d e s c r ip t io n  of th e  n a tu re  
and mode of o p e ra tio n  o f the  m easuring equipment used in  th is  
stu d y  has been g iven elsew here , to g e th e r w ith  th e  c a l ib r a t io n  
procedures invo lved .
With each s i t t i n g  p o s tu re  (u p rig h t and se m i-re c lin in g )  each 
s u b je c t was exposed to  id e n t ic a l  co n d itio n s o f whole-body v ib ra t io n  
a t  a co n s ta n t a c c é lé ra tio n -am p litu d e  (^  0 .4  Qz) and a t  each o f 
f iv e  d i f f e r e n t  fo rc in g  frequencies (2 , 4 , 6, 8 and 10 H z). The 
s i t t i n g  p o s tu re  adopted by th e  su b je c t and th e  fo rc in g  frequency
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of v ib ra t io n  used in  each experim ental se ss io n  was ap p lied  in  a 
random fa sh io n  and none o f the  su b je c ts  was aware o f the  purpose 
of th e  experim ent. Each experim ental s e s s io n  c o n s is te d  o f  a 
perio d  o f r e s t  which la s te d  f iv e  m inu tes, a  p e rio d  o f exposure to  
the chosen co n d itio n  of v ib r a t io n  la s t in g  ten  m inutes and a sub­
sequen t p e rio d  o f recovery  from v ib ra t io n  which la s te d  f iv e  
m inu tes. Measurements o f pulmonary v e n t i la t io n  and end t i d a l  
carbon d iox ide  c o n c en tra tio n  were made co n tin u o u sly  throughout the  
p e rio d  o f r e s t ,  v ib r a t io n  exposure and reco v ery , A c o l le c t io n  
of ex p ired  gas was made during  the  l a s t  th re e  m inutes o f th e  r e s t  
p e r io d . During v ib ra t io n  two c o l le c tio n s  were made. The f i r s t  
was taken  between m inute 2 and m inute 5 o f v ib r a t io n  and the  o th e r  
between m inute 7 and m inute 10 o f v ib ra t io n  (h e re a f te r  th e se  a re  
r e fe r re d  to  as th e  f iv e  and te n  minute samples r e s p e c tiv e ly )  «
A f in a l  c o l le c t io n  of ex p ired  gas was ob ta in ed  du ring  the  l a s t  
th re e  m inutes o f  the  recovery  p e r io d .
Measurement o f head movement
In  a d d itio n  to  th e  main experim ents, a s e p a ra te  study was 
made of th e  v e r t i c a l  and r o ta t io n a l  components o f  head movement 
du ring  exposure o f the  s u b je c t to  v ib ra t io n  a t  a constant: 
a c c e le ra tio n -a m p litu d e  and w ith  him sea ted  in  each o f tîfo s i t t i n g  
p o s tu re s  (u p rig h t and a e m - re c l in in g ) , For te c h n ic a l reasons 
which have been explained in  the in tro d u c to ry  paragraphs o f th i s  
c h a p te r , th e  v ib r a t io n  exposure used in  th i s  p a r t  o f the  study  
was reduced in  in te n s ity . Tierce su b je c ts  were exposed to
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whole-body v ib ra t io n  a t  a co n s tan t a c c é lé ra tio n -am p lltu d e  
{ ^ 0 .1  Qz) and a t  frequencies of 2 , 4 and 6 Hz, se a te d  f i r s t  in  
an u p r ig h t p o s tu re  in  the  v ib ra t io n  seat: and tlien in  a sem i- 
r e c l in in g  p o s tu re . The head movements ob ta in ed  witdi each p o stu re  
were measured and eonpared w in g  two acce le ro m e te rs , each mounted 
on e i th e r  s id e  of a p ro te c t iv e  helm et worn by d ie  s u b je c t  during  
each v ib ra t io n  exposure . One acce lerom eter (range t  5 G), 
mounted on the r ig h t-h a n d  s id e  o f the  p ro te c t iv e  helm et recorded 
movement in  the v e r t i c a l  p lan e  w ith  the  head e r e c t ,  w h ils t  the 
o th e r  acce lero m eter (range + 50 ra d ia n s /se c ^ )  mounted on the  
le f t-h a n d  s id e  o f the p ro te c t iv e  helm et recorded  movement o f the  
head only  in  the  r o ta t io n a l  a x is .  Tiiese acce lerom eters  were 
mounted as c lo se  to  tha  r i g h t  and l e f t  ea rs  o f the s u b je c t  as was 
p o ss ib le  and the p ro te c t iv e  helm et was f i t t e d  very  c a re fu l ly  
u sing  s tan d ard  a irc rew  f i t t i n g  p ro ced u res . Hie o u tp u t s ig n a ls  
from each acce lerom eter were fed on to  se p a ra te  channels o f a 
m agnetic tape  rec o rd e r and were l a t e r  analysed using a D ig ita l  
T ran sfer Function  A nalyser (Type JM 1600) in  co n ju n c tio n  with a 
M echanical R eference S ynchroniser (Type JX 1606), bo th  manufactured 
by the S o la r tro n  E le c tro n ic s  Group L td . With th is  in s tru m en t, 
the  s ig n a l  reco rded  from each tran sd u cer monnted on the p ro­
te c t iv e  helm et worn by the  s u b je c t ,  was compared w ith  a 
genera ted  re fe re n c e  s ig n a l w ith  re sp e c t to  the  r e l a t i v e  am plitude .
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The r e l a t iv e  am plitude o f the  t e s t  s ig n a l was d isp lay ed  on a 
d i g i t a l  v o ltm e te r  as a  Root Mean Squared (IMS) v o lta g e . Hie 
a c c e le ra t iv e  fo rc e  fo r  each com%ionent o f head movement ( v e r t ic a l  
and r o ta t io n a l )  ob ta in ed  w ith  the su b je c t s e a te d  in  a sem i- 
r e c l in in g  p o s tu re  to  th a t  ob ta in ed  v-?ith the  s u b je c t  sea ted  in  an 
u p rig h t p o s it io n  was measured fo r  each of the  co n d itio n s  of 
v ib ra t io n  a t  freq u en c ies  o f 2 Hz, 4 Hz and 6 Hz. From th is  
d a ta  c a lc u la t io n  was made of the  r e l a t iv e  am plitudes o f v e r t i c a l  
l in e a r  and r o ta t io n a l  head movement during v ib r a t io n  in  a sem i- 
r e c l in in g  p o s tu re  to  those  ob ta ined  during  v ib r a t io n  in  an u p r ig h t 
p o s tu re .
Tha re fe re n c e  s ig n a l fo r  th is  measurement was ob ta ined  by 
a tta c h in g  a th in  s t r i p  of m etal to  the  s h a f t  o f the motor d riv e  
to  the e c c e n tr ic  o f the  v ib ra t io n  g e n e ra to r . With each 
re v o lu tio n  o f the  s h a f t  d r iv e  the r o ta t in g  m etal s t r i p  in te r ru p te d  
a beam o f  l i g h t  which was focussed  on to  a photo e l e c t r i c  c e l l .
The in te rm i.tte n t s ig n a l thus ob ta ined  was s u i ta b ly  am p lified  and 
fed  a t  an a p p ro p ria te  v o lta g e  on to  one channel o f a m agnetic 
tape re c o rd e r . The recorded  s ig n a l was l a t e r  fed  in to  the  
Bîechanlcal R eference G enerator during  tine subsequent a n a ly s is  
o f v e r t i c a l  and r o ta t io n a l  head movements.
7o3 R esu lts
(a) Pulmonary v e n t ila t io n
The r e s u l t s  ob ta ined  fo r  minute volume v e n t i la t io n  fo r
234,
f iv e  su b je c ts  exposed to  whole-^body v ib ra t io n  a t  freq u en c ies  of 
2 -  10 Fiz and a c o n s ta n t a c c é lé ra tiorr-aBrplitude 0 ,4  Gis) a re  
given in  Table 7 ,1 , This ta b le  g ives the mean v alues ob ta in ed  
fo r  minute volume v e n t i la t io n  w ith  the su b je c t se a te d  on the  
v ib ra to r  s e a t  in  an u p rig h t p o stu re  and in  a sem *^recliïiing  p o s tu re .
Table 7,1  Mean v alues o f minute volume v e n t i la t io n  in  f iv e
su b je c ts  a t  r e s t ,  during  v ib ra t io n  and during  recovery , 
w h ils t  se a te d  in  u p r ig h t and semi^recXinxng p o stu res
Frequency of 
v ib ra t io n  (Hs)
Minute
R est
volume v e n t i la t io n  ( l i t r e  BTPS
A fte r  5 io3.n A fte r  10 min 
v ib ra t io n  v ib r a t io n
) du ring t 
Recovery
BEMI-REChlBING POSTURE
2 9,46 12.26 10.45 8,91
4 9,38 12.40 11.56 8,37
b 9,17 14.21 12.55 8.67
8 9*44 10.06 9.84 9,17
10 9,09 9.80 9.82 9,53
UPRIGHT POSTURE
2 9.52 14.84 11.76 8.32
4 8.91 13,32 11.14 8,56
6 9,02 14.76 12.83 8,05
8 9.27 10.18 9,95 8,82
10 9,44 9.89 9 .96 8,40
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I t  may be seen from Table 7.1 th a t  w ith  exposure to  v ib ra t io n  
a t  freq u en c ies  of 2@ 4 and 6 Hs th e re  was a marked in c re a se  in
pulmonary v e n t i la t io n  during  the v ib ra t io n  p e r io d , in  bo th  con­
d it io n s  of the  experim ent where the  su b je c t was se a te d  e i th e r  in  
an u p r ig h t o r a  se m i-re c lin in g  p o s tu re . The in c re a se  in  pulmonary 
v e n t i la t io n  a t  each of th ese  freq u en c ies  of v ib ra t io n  was g r e a te s t  
a t  the  beg inn ing  of the  exposure and g rad u a lly  d ec lin ed  in  mag­
n itu d e  towards the  end of the  p e rio d  o f v ib r a t io n .  For both  
co n d itio n s of the  esq^eriment ( su b je c t in  an u p r ig h t and sem i- 
re c l in in g  p o s tu re ) , the g r e a te s t  in c re a se  in  m inute volume v e n t i la t io n  
occurred  w ith  e^q^osure o f the  s u b je c t  to  v ib ra t io n  a t  a frequency 
o f 6 Hs. In  those exposures in  which th e  s u b je c t  s a t  on the 
v ib r a to r  s e a t  in  an u p r ig h t p o s tu re  the  in c re a se s  in  pulmonary 
v e n t i la t io n  a t  freq u en c ies  o f 2 He and 4 Be were g re a te r  than  those 
o b ta ined  a t  the  same freq u en c ies  b u t w ith  the s u b je c t se a ted  in  
a ea iïd -re c lin ln g  p o s tu re  (P ^ 0 .0 0 1 ). With exposure to  v ib ra t io n  
a t  a frequency of 6 Ite th e re  w ere, however, no s ig n i f ic a n t  
d if fe re n c e s  d e te c te d  in  the values of m n u te  volume v e n t i la t io n  
fo r  the. co n d itio n s  in  which the  s u b je c t s a t  u p r ig h t o r in  a sem i- 
re c lin in g  p o s tu re .
Tlie v a lues o f r e s p ir a to ry  frequency ob ta in ed  fo r  each 
exposure to  v ib ra t io n  a t  various freq u en cies  and fo r  the two 
co n d itio n s o f p o s tu re  are summarised in  Table 7 .2 . I t  may be 
seen from th is  ta b le  th a t  no s ig n if ic a n t  change occurred  In  the
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Table 7.2 Mean values o f resp iratory  frequency w ith  the su b iect
- 1 * -  n - T 1i-i r —Tin I-I m i r f i T i W r t n W i  iT  ' m I n  ■ r r  ■ il i - - |  v i r  "  - '  ^  I I I"  'T 1 - r -m T t  •itiiil- T f ^ r -r tT r iW ii  ' II I i 'i r  n  ' I n  I u a *
a t  re s tp  during exïjosure to  v ib ra t io n  and during 
reco v ery . F ive su b je c ts  se a ted  in  an u p r ig h t and
w ^ iPfcT J 'r tJ  . . . . . . . . . . . . . . . . . . . . . . . . . .  f  "  " I I " i f  ■ '• ■ iT T u t     -    1 1 I 11 , 1,7   
sexni.-reclining p o stu re
Frequency o f 
vibration (He)
R e sp ira to ry  frequency (b rea th s/m ln ) durings
R est A fte r  5 min v ib ra t io n
A fte r  10 min 
v ib ra t io n Recovery
SEMI-RECLINING POSTURE
2 11.8 12.0 11.6 10.2
4 12.3 12.6 11.8 11.2
6 12.4 11.9 12.1 11.8
a 12.7 13.1 12.9 1&.2
10 11.8 12.1 12.3 11.9
UPRIGHT POSTURE
2 12.5 11.9 12.1 11.7
4 12.1 12.0 11.6 12.2
6 11.7 11.1 10.9 10.7
8 11.8 12.2 12.6 12.0
10 11.6 12.1 11.8 12.4
r a te  o f b rea th in g  during  the  v ib ra t io n  o r recovery  p erio d s fo r  
e i th e r  co n d itio n s  of p o s tu re , and i t  i s  concluded th erefore , th a t  
the  in c re a se s  in  m inute volume v e n t i la t io n  ob ta in ed  w ith  exposure 
o f the  s u b je c t  to  c e r ta in  freq u en cies  of v ib ra t io n  were brought 
about by an in c re a se  in  t i d a l  volume.
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(b) End t i d a l  carbon dioxide ten sio n
C a lcu la tio n s  of the  mean values o f end t i d a l  carbon d iox ide  
ten s io n  were made from the  measured values o f end t i d a l  carbon 
d iox ide co n c e n tra tio n  ob ta ined  throughout the experim enta l p rocedure . 
Tlie mean v a lu es  ob ta in ed  w ith  th e  su b je c t a t  r e s t ,  a f t e r  f iv e  
m inutes and ten  m inutes exposure to  v ib ra t io n  a t  v a rio u s  freq u en cies  
and during  recovery  a re  p resen ted  in  Table 7 .3  fo r  the co n d itio n s 
o f th e  estpariment in  which th e  su b je c t was se a te d  in  an u p rig h t 
and in  a se m i-re c lin in g  p o s tu re . I t  nmy be seen from th is  ta b le  
th a t  exposure to  v ib ra t io n  w ith  the  s u b je c t se a te d  in  an u p rig h t 
and se m i-re c lin in g  p o stu re  caused a red u c tio n  in  end t i d a l  carbon 
d iox ide  te n s io n  which was g r e a te s t  a t  the  s t a r t  o f v ib ra t io n  and 
a t  th e  lower freq u en c ie s  o f v ib ra t io n  (2 H e  and 4 H e )  . Tlie mean 
changes induced in  the  end t id a l  carbon d iox ide te n s io n  were h ig h ly  
s ig n i f ic a n t  (F ^ 0 .001) a t  those freq u en c ies  a lthough th e re  was 
no s ig n i f ic a n t  d ifferen ce  in  the changes a s so c ia te d  w ith  each of 
th e  Wo p o s tu re s  used in  the  experim ent.
(c) M etabolic o^ggen consumption
Tiia mean v alues o f m etabolic oxygen consumption ob ta ined  
w ith  the s u b je c t a t  r e s t ,  during  exposure to  v ib ra t io n  fo r  f iv e  
and ten  m inutes d u ra tio n  and during  subsequent reco v ery , a re  
p re sen ted  in  Table 7.4  fo r  th e  co n d itio n s  of the experim ent in  
which th e  su b je c t was sea te d  on the  v ib r a to r  in  an u p r ig h t and 
a  se m i-re c lin in g  p o s tu re . I t  may be seen from th is  ta b le  th a t
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Table 7.3 Tlie e f f e c t  of whole-body v ib ra t io n  upon and t i d a l
carbon d i03d.de te n s io n  during exposure o f th e  su b je c t 
se a ted  in "a n lim rlg h t and a se m i-re c lin in g  p o s tu re
Frequency of 
v ib ra t io n  (He)
4
6
8
10
2
4
6
8
10
Mean v a lu e  of and t i d a l  carbon d iox ide  
te n s io n  (mm Hg) during :
R est
39.4
39 .5
39.8  
40.1
40.0
40.1
38.9
39.5  
38.8
40.4
A fte r  5 min 
v ib ra t io n
A fte r  10 min 
v ib ra t io n
SEMI-RECLXNXNG POSTURE
34.1  37.1
34.2 38.1
39.4 38.8
39.3 38.7
39,2 39.0
UPRIGHT POSTURE
34.6
33.1
38.7
39.2  
39.6
36.5
37.5
39.0
39.0 
38.7
Recovery
39.2
39.3
39.0
40.2 
39.5
38.7
39.2
39.0  
38.9
39.3
th e re  was an in c re a se  in  m etabo lic  oxygen consumption du ring  the 
p erio d s o f v ib r a t io n  exposure a t  freq u en cies  o f 2 , 4 and 6 Hz.
For bo th  co n d itio n s  of p o s tu re  the values o f m etabo lic  oxygen 
consumption o b ta in ed  a t  those freq u en c ies  o f v ib r a t io n  were s ig ­
n i f i c a n t ly  g re a te r  than  those ob ta in ed  d u rin g  the  c o n tro l p e rio d  
o f r e s t  p r io r  to  v ib r a t io n  (P 0 .0 0 1 ). In  each case  the  in c re a se  
in  the v a lu e  of m etabo lic  oxygen consumption was g r e a te s t  a t  the
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s t a r t  of the v ib ra t io n  exposure and th e r e a f te r  d ec lin ed  towards 
the  end of Üie v ib ra t io n  p e r io d . A nalysis has shox^m th a t  th e  
in c re a se  in  v a lu es o f m etabo lic  oxygen consumption o b ta in ed  during  
e^q>oeure o f the  s u b je c t  to  v ib ra t io n  a t  freq u en c ies  o f 2 Hz and 
4 Uz was s ig n i f ic a n t ly  g re a te r  when the  u p r ig h t p o s tu re  was adopted 
than when a se ra i-re c lin in g  p o s tu re  was adopted (F «=» 0 .0 0 1 ), Tliis 
d if fe re n c e  in  th e  magnitude of th e  changes in  v a lu e  o f oxygen 
consumption w ith  p o s tu re  were n o t s ig n i f ic a n t  w ith  exposure o f the  
s u b je c t  to  v ib ra t io n  a t  a frequency o f 6 He. I t  may a lso  be seen 
from Table 7 .4  th a t  the  g r e a te s t  change in  the  v a lu e  o f oxygen 
consumption occurred  w ith  exposure to  v ib ra t io n  a t  a  frequency of 
6 Hz in  b o th  co n d itio n s  of p o s tu re ,
(d) R e sp ira to ry  exchange r a t i o
Tlie r e s u l t s  o f th e  measurements of R e sp ira to ry  Exchange R atio  
ob ta ined  in  th i s  s e r ie s  o f expeximents fo r  th e  s u b je c t  exposed to  
v ario u s co n d itio n s  o f  vibration in  d i f f e r e n t  s i t t i n g  p o s tu res  
a re  shown in  Table 7 ,5 . I t  may be seen from th is  ta b le  th a t  w ith  
the su b je c t sea te d  in  both th e  u p r ig h t and Bemi-reelining p o stu res  
exposure to vibration caused an in c re a se  in  th e  R e sp ira to ry  Exchange 
R atio  a t  fo rc in g  freq u en c ies  of 2 Hz and 4 Hz only. With 
exposure to  v ib ra t io n  a t  a l l  other frequencies th e re  was no 
d if fe re n c e  in  th e  values of the  R atio  beWeen co n d itio n s  of r e s t ,  
v ib ra t io n  exposure and subsequent recovery . At those  frequencies 
where a change in th e  R a tio  occurred  with v ib ra t io n  exposure, the
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Table 7.4 Effects of whol0“body vibration on metabolic oxygen
consumption in  f iv e  su b je c ts  se a ted  in  an upright: 
and a se m i-re c lin in g  posture
ency of
Mean value of metabolic oxygen consumption
(L itre /m in  STï?B) in  th e  fo llow ing  c o n d itio n s :
ion  (Hz)
R est A fte r  5 min v ib ra t io n
After 10 min
vibration Recovery
' SEHI-RECLXNING POSTURE
2 0.304 0*380 0.342 0*307
4 0.319 0*343 0.339 0*290
6 0,320 0.396 0.343 0,285
8 0.313 0.317 0.306 0*294
10 0.305 0.313 0.310 0 .3
UPRIGHT POSTURE
2 0.318 0.435 0.384 0,287
4 0,315 0.378 0.355 0.280
6 0.329 0.409 0.351 0.298
B 0.325 0,324 0.312 0.284
10 0.328 0.337 0.325 0,304
maximum in c re a se  was obtained after an exposure of five m inutes 
a f t e r  which i t  declined towards the end o f the p e rio d  o f v ib ra tio n , 
For both  co n d itio n s  of p o s tu re  the  Respiratory Exchange R atio  
exceeded unity during  th e  f i r s t  f iv e  m inutes o f th e  exposure of 
the  s u b je c t to whole-body v ib ra t io n  a t  freq u en c ies  o f 2 Hz and 
4 Hz* A nalysis has shown fu rtherm ore , th a t  th e re  were no s ig ­
n i f i c a n t  differences in th e  v alues o f R e sp ira to ry  Exchange R atio
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Table 7.5 E ffe c ts  o f wliole-body v ib ra t io n  on th e  R esp ira to ry  
Exchange Ratio In five aubiecta seated in an upright 
and a somi-raoIinin& posture
: EraquuBcy of j
Mean value of Respiratory Exchange Ratio i n  
the following conditions;
vibration (Ha)
‘ Wh *'■*»?» »*/*S*e4,
Rost After 5 m in After 10 min vibration vibration
'>*4ii ww^wii^^W^WoerAV'VS»**»,*-  ^•#*»*****
Recovery
SE^IMlEGLINim P08TÜRE
2 0*87 1.04 0.98 0.79
1
0,89 1.03 0.96 0,74
0.85 0,89 0.92 0.82
8 0,87 0.91 0.89 0.85
10 0,91 0,90 0.88 0.83
UPRIGHT POSÏIÎEE
1 : 0,88 1.03 1.00 0.83
4 0,91 1.02 0,99 0.73
6 0,82 0.89 0,90 0.83
s 0.90 0.95 0.94 0.84
10 0*87 0.86 0.91 0.87
M St*, * •«***<.?»« t'S
which could be accounted fo r  by fcim p o s tu re  adopted by the 
experimental snbjce t *
fa\ Vortical and rotational components of head movement
Mnaauremanta of the vertioa). linear and rotational components 
of head movement were obtained with exposure of three experimental 
subjectm to whole^body vibration at a constant acceleration- 
amplitude 0.1 Ob) and at frequencies of 2 , 4 and 6 Hz* Thu
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r e s u l t s  o f th i s  p a r t  o f th e  in v e s t ig a t io n  a re  summarised in  
Table 7.6* and a re  p resen ted  as a r a t io  o f the  am plitude o f each 
component o f head raovement ob ta ined  w ith  th e  s u b je c t  exposed to  
v ib ra t io n  in  a semi-reclining posture* to  that o b ta in ed  w ith  th e  
su b je c t v ib ra te d  in  an u p r ig h t p o s tu re .
Table 7.6 Ratio of the relative amplitude of each component of
head movement ob ta ined  w ith  the s u b je c t  v ib ra te d  in  
a semi-reclining posture* to that obtained wrth the 
s u b je c t  v ib ra te d  in an u p r ig h t p o s tu re . R esu lts  
obtained from three subjects (SI* S2 and S3)
Frequency of
v ib ra t io n  (Hz) R atio  ^
Amplitude of head movement component 
(subj a c t  B em i-rec lin ing ) 
Aniplitude o£ head noveiaeat convoitent 
(subject upright)
V e r tic a l  component 
SI S2 S3 (mean)
*wwa*«* ** It» ÉJiW.
Rotational component 
SI S2 S3 (mean)
ew4E!»>flt6W-1'W*ll*
2 1.06 1.22 1.03 (1.11) 0.82 1.08 0.80 (0.90)
4 0.71 1.05 1.03 (0.93) 0.85 1,05 1.09 (0.99)
6 0.77 0.94 1.00 (0.90) 0.84 0.85 1,21 (0.97)
It may be seen by re fe re n c e  to Table 7.6 that in  the three 
su b je c ts  stud ied*  th e re  was a la rg e  v a r ia t io n  in  the  r a t i o  o f  
v e r t i c a l  and r o ta t io n a l  components of head movement ob ta in ed  w ith  
th e  two co n d itio n s  of p o s tu re . From the  r e s u l t s  ob ta ined  in  th i s  
p a r t  o f the study* it may be s ta te d  th a t  th e re  was no evidence 
th a t  th e  adop tion  o f an u p r ig h t p o s tu re  during  the  co n d itio n s  of 
whole-body v ib r a t io n  caused any s ig n i f ic a n t  changes in  e i th e r  th e
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v e r t i c a l  o r  r o ta t io n a l  components o f head movement over those 
o b ta in ed  w ith  th e  su b je c t v ib ra te d  in  a se m i-re c lin in g  p o s tu re .
These r e s u l t s  would su p p o rt the  b e l ie f  th a t  fo r  th e  co n d itio n s  
of whole-^body v ib ra t io n  used in  th is  p a r t  o f the  study  (a c c e le ra tio n -  
am plitude 4^ 0 .1  Gz* freq u en c ies  2* 4 and 6 Hz) th e  adop tion  o f 
a se m i-re c lin in g  p o s tu re  of the type norm ally employed by a i r ­
crew in  f l i g h t  would be u n lik e ly  to  reduce th e  magnitude of th e  
stim u lus a p p lied  to  th e  la b y r in th  from th a t  which would be ob ta ined  
w ith  th e  s u b je c t  in  an u p r ig h t se a ted  p o s tu re . W hile th ese  
f in d in g s  a re  r e la te d  on ly  to  exposure o f  th e  su b je c t to  low 
in te n s i ty  v ib r a t io n  (acc e le ra tlo n -am p litu d e  ^ j] 0 .1  Gz) i t  is 
b e liev e d  tdiat they  would apply  eq u a lly  to  co n d itio n s  o f whole-body 
v ib ra t io n  a t  a  g re a te r  in te n s i ty  (a c c o le ra tlo n -a t t^ li tu d e  m o .4  G%) 
s in c e  Guignard (1965) has shown th a t  a t  or near re so n a n t f r e ­
quencies the  tran sm iss ib ilifc y  from se a t- to -h e a d  during  v ib ra t io n  
i s  v i r t u a l ly  unchanged a t  h ig h e r in te n s itie s®  The se a t- to -h e a d  
tran sm iss i b i 1i t y  ob ta in ed  in  the  s u b je c t during  exposure to  low 
in te n s i ty  v ib r a t io n  has been c a lc u la te d  and i s  shown in  Table 
7.7 fo r  th e  th re e  fo rc in g  freq u en cies  used in  th i s  p a r t  of the 
experim ent. A lso shown in  th i s  ta b le  i s  the  t r a n s m is s ib i l i ty  
from Beat to  head ob ta ined  by Guignard (1965) f o r  v ib r a t io n  of 
the  same in te n s i ty  (acceleration 4* 0 .1  G) as th a t  used in  th e  
p re se n t s tudy  and fo r  a  h ig h er le v e l of in te n s i ty  0 .5  G) 
eoRiparable to  th a t  used in  th e  main experim ental programme.
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It may a lso  be seen from th i s  ta b le  th a t  maximum v alues fo r  
s e a t- to -h e a d  transmissibility were ob ta ined  w ith  exposure of the  
su b je c t to  v ib ra t io n  a t  a frequency of 4 Hz in  the  p re se n t s tu d ie s  
and in  th o se  conducted by Guignard® Tîiis in d ic a te s  a resonance 
o f the  head on the shou lders at or near this frequency o f 
v ib r a t io n .
Table 7.7 S ea t-to -h ead  transmissibility in  th e  su b ie c t
to  whole-body v ib ra t io n  a t  v a rio u s  freq u en c ie s  and 
i n t e n s i t i e s .  à  comparison o f th e  r e s u l t s  ob ta in ed  
rn  the  p re s e n t experrm ants w ith  th o se  ob ta in ed  by 
Guignard (1965)
Source
Guignard
(1965)
îî
P re sen t
study
A c c e le ra tio n -  
am plitude of 
v ib r a t io n  ( f  Gz)
0 .1
0 .5
0.1  
0 .1
P o stu re
U pright 
U pright
U pright
Semi-re* 
d i n i n g
S ea t-to -h ead  transinis* 
s i b i l i t y  a t  f r e ­
quencies o f (Hz) s
2 j4 6
1.01 1 .90 1.81
1.02 2.11 1.72
1.01  2.60  2.2  
1.12 2,50 1.91
I t  may be seen by re fe re n c e  to  Table 7 .7  th a t  th e  values 
of o ea to -to -h ead  tran sm iss i b i l i t y  ob tained  during  exposure of 
the  su b je c t to  v ib ra t io n  a t  frequencies o f 2* 4 and 6 H;s and 
an a c c e le ra t io n  amplitude o f jt 0 .1  Gz were s im ila r  in  magnitude 
in  bo th  s tu d ie s  (Guignard, 1965, and the p re se n t ex p erim en ts).
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It may a lso  be seen th a t  a t  those freq u en c ies  th e re  was l i t t l e  
change In  values of seat-to-head tr iu iB ra is s ih lllty  w ith  exposure 
to  v ib r a t io n  a t  a h ig h e r in te n s i ty  (acce le ra tio n -am p litu c le  
j4> 0 .5  G z). These r e s u l t s  support the b e l ie f  th a t  fo r  th e  v e r t i c a l  
l in e a r  component a t  least* i t  i s  u h lik e ly  th a t  exposure of th e  
su b je c t to  h ig h e r  in t e n s i t i e s  o f v ib ra t io n  would g r e a t ly  a f f e c t  
the  magnitude of head movements. They a ls o  allow  th e  r e s u l t s  
ob ta ined  f o r  head movements in  the  p re se n t s tu d ie s  (which for 
te c h n ic a l  reasons were measured a t  a  reduced in te n s i ty  o f v ib ra tio n )  
to  be c a r r ie d  over w ith  reaso n ab le  confidence to  the  co n d itio n s  o f 
v ib r a t io n  used in  th e  im in experim ents ( i . e .  a t  an a c c e le ra t io n -  
am plitude o f ^  0 .4  Gz).
7.4 Discussion
In  th e  experim ents which have been d esc rib ed  in  th is  ch ap ter 
th e  su b je c t was exposed to  whole-body v ib ra t io n  a t  a constant 
a c c e le ra tio n  am plitude 0 .4  G%) and freq u en c ies  of 2 -  10 Hz, 
Measurements were made of the  r e s p ir a to ry  changes a s so c ia te d  
w ith  exposure of the su b je c t to v ib ra t io n  a t  each frequency w h ils t  
he was se a te d  f i r s t  in an u p r ig h t p o stu re  and then  in  a sem i- 
r e c l in in g  posture. In  general*  the observed respiratory changes 
were eimilar in n a tu re  to  those  obtained in a p rev ious study  
(re p o rte d  in Chapter 6) where the  su b je c t was exposed to  the same 
co n d itio n s  o f vibration, although  th e re  were a number of minor 
d if fe re n c e s  r e la te d  to  s i t t i n g  p o s tu re . Tlius in th e  p re se n t study
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i t  has been shomi th a t  w ith  exposure to  whole-bocly v ib ra t io n  a t  
freq u en cies  o f 2 Hz and 4 Hz th e re  was a m oderate in c re a se  in  
pulmonary v e n t i la t io n  in  the  su b je c ts  who adopted a se m i-re c lin in g  
p o s tu re  during the p erio d  of v ib ra t io n  and a la rg e r  in c re a se  in  
pulmonary v e n t i la t io n  in  the  su b je c ts  who adopted an u p rig h t 
p o stu re  during  v ib r a t io n .  In  both  conditions of th e  experim ent 
the in c re a se  in  pulmonary ventilation was observed soon a f t e r  the  
s t a r t  of v ib ra t io n  exposure reached a maximum value  a f t e r  about 
f iv e  m inutes o f vibration and th e re a f te r  declined in magnitude 
towards the  end of th e  p e rio d  of v ib r a t io n . In  those  co n d itio n s  
of th e  experin^ent vdiere an in c re a se  in  pulmonary v e n t i la t io n  
occurred* th i s  was brought about by an in c re a se  in  t i d a l  volume, 
the  r e s p ir a to ry  r a t e  remaining virtually unchanged during  the  
perio d s o f re s t*  v ib ra t io n  and subsequent reco v ery .
A nalysis of the  d a ta  ob ta ined  in  th i s  s tudy  has shown th a t  
in  both  co n d itio n s  o f the  experim ent (i.e. with the  su b je c t in  
an u p r ig h t and s e m - r  e e l in in g  posture) exposure to  v ib ra t io n  a t  
frequencies of 2 Hz and 4 Hz induced a m oderate degree o f hyper- 
v e n t i la t io n  and hypocapnia* Thus the  r e l a t iv e  in c re a se  in  
pulmonary v e n t i la t io n  which was produced a t  th e se  freq u en c ies  
of v ib ra t io n  was g re a te r  than the corresponding r e l a t iv e  in c re a se  
in  m etabo lic  oxygen up take . Although the magnitude of th e  
v a lu es  of pulmonary v e n t i la t io n  ob ta ined  during  exposure o f th e  
su b je c t to  v ib r a t io n  a t  freq u en cies  of 2 Hz and 4 Hz were g re a te r
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w ith  him se a ted  In  an u p rig h t posture* than  with him sea ted  in a 
ao m i-rec iin in g  posture*  the increase in v alu es of m etabo lic  oxygen 
consumption were co rrespond ing ly  g re a te r  in  the  form er co n d itio n  
o f th e  experim ent and th e  degree of hyperventilation induced by 
v ib ra t io n  was o f similar magnitude w ith  bo th  co n d itio n s  o f posture. 
This is  supported  by th e  o b se rv a tio n  th a t  the degree o f hypocapnia 
o b ta in ed  during  v ib r a t io n  (as evidenced by th e  measurements o f and 
t i d a l  carbon d io x id e  te n s io n  during  the  experim ent) was alm ost 
id e n t ic a l  f o r  bo th  co n d itio n s  of p o s tu re . Also* th e  measurements 
showed th a t  th e  g re a te r  in c re a se  in  carbon d iox ide  o u tp u t than in 
oxygen uptake (as r e f le c te d  by th e  values o f r e s p ir a to ry  exchange 
r a t io )  du ring  v ib r a t io n  at: freq u en c ies  of 2 Hz and 4 Hz was no 
d i f f e r e n t  f o r  th e  Wo co n d itio n s  of p o s tu re .
With exposure o f th e  su b je c t to  who1e-body vibration a t  a 
frequency of 6 Hz th e re  was a marked in c re a se  in  pulmonary v e n t i­
la t io n  both  w ith  th e  su b je c t seated u p rig h t and in  a sem *•reclin ing  
p o s tu re  during  v ib r a t io n .  With both co n d itio n s  o f p o s tu re  the  
r e l a t i v e  in c re a se  in  pulmonary v e n t i la t io n  was in p ro p o rtio n  to 
th e  r e l a t i v e  in c re a se  in m etabo lic  oxygen uptake and a t  th is  
frequency (6 Hz) no evidence o f hyperventilation o r  hypocapnia 
was ob ta ined  fo r  either c o n d itio n . It was a lso  observed th a t  the  
in c re a se s  bo th  in  pulmonary v e n t i la t io n  and metabolic oxygen con­
sumption observed a t  t h i s  frequency of v ib ra tio n *  were similar in  
magnitude fo r  bo th  co n d itio n s  of p o s tu re .
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For bo th  co n d itio n s  of posture* exposure o f th e  su b je c t to  
v ib ra t io n  a t  freq u en c ies  o f 8 Hz and 10 Hz caused no s ig n i f ic a n t  
changes in  pulmonary v e n t i la t io n  or gaseous exchange from those 
ob ta ined  during  the  periods of r e s t  and reco v ery .
Thus i t  would appear from the r e s u l t s  o f  th is  s tudy  th a t  
w h ils t  th e  adop tion  o f a  se m i-re c lin in g  s i t t i n g  p o s tu re  during  
v ib r a t io n  may induce sm alle r changes in  pulmonary ventilation from 
those  o b ta in ed  with the  su b je c t in  an u p r ig h t posture*  i t  has no 
e f f e c t  on the  degree of h y p e rv e n tila t io n  and hypocapnia induced 
by the  v ib r a t io n  a t  certain fre q u e n c ie s . I t  i s  b e liev e d  th a t  
th e  h ig h e r v a lu es f o r  pulmonary ventilation and metabolic oxygen 
consumption obtained w ith  axpoBure of the  su b je c t to  vibration in 
th e  u p rig h t s i t t i n g  p o s tu re  may he r e la te d  to  the metabolic a c t iv i ty  
of the  su b je c t re q u ire d  to maintain p o stu re  during  the v ib ra t io n  
exposure. I t  w i l l  be recalled that a t  frequencies of 2 Hz and 
4 Hz large disp lacem ent am plitudes were req u ired  to  maintain the 
vibration a t  a c o n s tan t a c c e le ra tio n  of 0 ,4  Gz and i t  was 
n o tic e d  during  the  experim ental procedures th a t  the  s u b je c t  sea ted  
u p r ig h t in  the v ib r a to r  s e a t  req u ired  much more e f f o r t  to r e ta in  
h is  p o s tu re  during  v ib ra t io n  than when he was se a ted  in  a semi- 
reclining p o s tu re . I t  i s  l ik e ly  th a t  the d if fe re n c e s  in s i t t i n g  
p o s tu re  and the  consequent m uscular e f f o r t  req u ired  by th e  a u b jec t 
to  maintain th a t  p o s tu re  may a lso  explain the  d if fe re n c e s  in  th e  
r e s u l t s  fo r  pulmonary v e n t i la t io n  ob ta ined  in  a p rev ious experiment
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in  th is  s e r ie s  and those ob ta ined  by p rev ious workers in  th is  
f i e ld  (Eriisting* 1961; D uffner e t  al* 1962), fo r  s im ila r  
co n d itio n s  of v ib ra t io n  exposure. I t  w i l l  be r e c a l le d  th a t  th e  
su b je c ts  used by those  p rev ious au tho rs s a t  u p r ig h t e i th e r  d i r e c t ly  
on th e  p la te n  of the v ib ra to r  o r on a simple s e a t  a tta c h e d  to the  
v ib ra to r  w h ils t  in  p rev ious experiments d escrib ed  in  th is  th e s is  
th e  su b je c ts  were exposed to  v ib ra t io n  in a sa m i-re c lin in g  p o s tu re  
in  an a i r c r a f t  type s e a t  mounted on the v ib r a to r .
The f in d in g  th a t  th e  two d i f f e r e n t  p o s tu re s  used in  th is  
study  have l i t t l e  e f f e c t  on the  h y p e rv e n tila t io n  amd hypocapnia 
induced by v ib ra t io n  at. c e r ta in  freq u en cies  and in te n s i t i e s  has 
an im portan t p r a c t i c a l  a p p lic a tio n  in  the f i e l d  o f a v ia t io n . Thus 
i t  has been suggested  th a t  a irc rew  exposed to  whole-body v ib ra t io n  
in  f l i g h t  might be p ro te c te d  to  a certain extent from  the  r e s p ir a to ry  
d is tu rb an ces  induced by the v ib ra t io n  by v ir tu e  o f the  f a c t  th a t  
they  a re  re q u ire d  to  s i t  in a semi-reclining p o s tu re  in most 
ty p ic a l  a i r c r a f t  s e a ts .  I t  was p o s tu la te d  th a t  the  adoption  of 
a semi-reclining p o s tu re  m g h t d i s t r ib u te  th e  v ib ra t io n  over a 
la rg e r  a rea  o f  the body in such a way as to  p ro te c t  th e  head from 
d i f f e r e n t i a l  movement during  v ib ra t io n . I f  i t  i s  accep ted  th a t  
whole-body v ib ra t io n  of a  c e r ta in  type may induce h y p e rv e n tila t io n  
and hypocapnia in the  su b je c t aa a r e s u l t  of a r e f le x  due to 
stimulation o f th e  lab y rin th *  then  i t  could be p o s tu la te d  th a t  
red u c tio n  in head movements during  v ib ra t io n  m ight a lso  reduce
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the  a s so c ia te d  r e s p ir a to ry  changes. Tlie r e s u l t s  o f th is  study 
have shoxm* however, th a t  v e r t i c a l  l in e a r  and r o ta t io n a l  head 
movements a re  o f v i r t u a l l y  th e  same magnitude in  the u p rig h t and 
in  th e  se m i-re c lin in g  p o s tu re  during  exposure o f the  su b je c t to 
whole-body v ib r a t io n  a t  an a c c e le ra tio n  o f ^  0 ,1  Gs and freq u en c ies  
o f 2 Hz* 4 Hz and 6 Hz. Arguments have been p u t forward in  
su p p o rt o f th e  b e l ie f  th a t  th i s  i s  a lso  tru e  for exposure o f the 
s u b je c t  to  v ib ra t io n  a t  th e  h ig h e r in te n s i ty  used in. the  study 
(accélération-am plitw de ^ ^ ^ 0 . 4  Gz).  It i s  concluded* therefore, 
th a t  from a p r a c t ic a l  p o in t  o f view the s i t t i n g  p o s tu re  adopted 
by an a irc rew  member during  eicposure to c e r ta in  co n d itio n s  o f 
in -^ flig h t v ib r a t io n  would have no e f f e c t  on th e  degree of hyper- 
v e n t i la t io n  o r  hypocapnia which may be induced by th a t  vibration.
CmPTER 8
G eneral D iscussion  o f th e  R esu lts
F a r t  I  -  Fulraonary v e n t i la t io n  and gaseous exchange
Fart I I  -  M etabolic oxygen consumption
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CHâPTER 8
G eneral Discussion of the R esu lts
Xn th e  f i e ld  o f a v ia tio n  m edicine th e re  i s  co n s id e rab le  
i n t e r e s t  in  th e  p h y s io lo g ic a l e f f e c ts  of low frequency  s tru c tu re - ’ 
borne whole-hody v ib ra t io n  in  man, This was o r ig in a l ly  b rought 
about by th e  requirem ent fo r  c e r ta in  m il i ta ry  a i r c r a f t  to  o p era te  
a t  h igh  speed and low le v e l  in  co n d itio n s of m eteo ro lo g ica l 
tu rb u len c e . I n - f l i g h t  co n d itio n s  of th is  type may induce s h o r t  
d u ra tio n  a c c e le ra tio n s  in  th e  a i r c ra f t*  which resemble m echanical 
n o ise  w ith  superimposed q u a s i-s te a d y  s ta te  v ib ra t io n s  due to  a i r ­
frame s t r u c tu r a l  resp o n se , To the  a v ia tio n  p h y s io lo g is t  v ib ra tio n s  
produced in  a i r c r a f t  f ly in g  in  th ese  co n d itio n s  a re  of p a r t ic u la r  
i n t e r e s t  s in c e  they p re se n t a t  freq u en c ies  below about 15 Hz* a t  
which both  human body resonances and major a i r c r a f t  modes a re  
e x c ite d  in to  la rg e  am plitude o s c i l l a t io n s ,  The presence of 
m echanical v ib ra tio n s  of th i s  type becomes of concern when they 
reach such in te n s i ty  as to  d is tu rb  the  a i r c r a f t  i t s e l f ,  o r 
ad jac e n t s t r u c tu re s  and in  p a r t ic u la r  where they  re p re se n t a th r e a t  
to  comfort* h e a lth  o r e f f ic ie n c y  in  a irc rew .
Although th e re  have been com paratively  few s tu d ie s  on the  
p h y s io lo g ic a l d is tu rb an ces  brought about by s t r u c tu re  borne 
v ib ra t io n  in  the  low frequency range, I t  i s  known th a t  they may 
a f f e c t  man in  a v a r ie ty  of d i f f e r e n t  ways, A number of these
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d is tu rb an ces  may occur s in g ly  o r  imy be compounded w ith  o th e r  
s t r e s s e s  l i a b le  to  be encountered during  c e r ta in  types of f l i g h t  -  
fo r  axau^le* ac ce le ra tio n *  noise* h e a t and h igh  work lo ad . In  
th e  f i e l d  o f a v ia tio n  m edicine i t  i s  o f g re a t  p r a c t i c a l  im portance 
th e re fo re*  to  have knowledge o f the  physiological d is tu rb an ces  
induced in  man by exposure to  whole-body v ib ra t io n  so th a t  m edical 
advice may be g iven  w ith  re sp e c t to  the design  o f a i r c r a f t  and 
p e rso n a l p ro te c t iv e  system s. This i s  re q u ire d  in  o rd e r to  improve 
the  comfort* w e ll-b e in g  and s a fe ty  o f a irc rew  o p e ra tin g  in  con­
d it io n s  of s t r e s s f u l  f l ig h t*
The experim ents which have been re p o rte d  in  th i s  th e s is  were 
c a r r ie d  o u t in  o rd e r to  advance knowledge of some of the  physio­
lo g ic a l  e f f e c ts  of low frequency s tru c tu re -b o rn e  whole-body 
v ib ra t io n  in man. In p a r t ic u la r*  two areas  of d is tu rb a n ce  have 
been in v e s tig a te d  -  th a t  r e la t in g  to  the e f f e c ts  o f v ib ra tio n s  on 
pulmonary v e n t i la t io n  and th a t  r e la t in g  to  the  in c rease d  m etabo lic  
a c t iv i ty  induced by low frequency who 1 e-body v ib r a t io n .  Although 
any separation of th ese  two d is tu rb a n ces  o f r e s p ir a to ry  fu n c tio n  
in  man must be a r t i f i c i a l *  each p re se n ts  a d is t in c t iv e  p r a c t ic a l  
problem to  a irc rew  required to  o p e ra te  in co n d itio n s  of i n - f l i g h t  
v ib ra t io n , For this reason* a d isc u ss io n  of th e  experimental 
r e s u l t s  ob ta in ed  in this in v e s t ig a t io n  and their s ig n if ic a n c e  in  
the f i e l d  o f a v ia tio n  m edicine has been se p a ra ted  in to  two p a r ts  -  
one concerning the  e f f e c t  o f whole-body v ib ra t io n  on pulmonary 
v e n t i la t io n  and gaseous exchange* and the  o th e r  concerning* more
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s p e c if ic a lly g  the  e f f e c t s  on m etabolic  03cygen consumption in  man.
PART I
Pulmonary v e n t i la t io n  and gaseous exchange
The experim ents c a r r ie d  ou t In  th i s  in v e s t ig a t io n  have
dem onstrated v ery  c l e a r ly  th a t  a t  c e r ta in  freq u en c ie s  and am plitudes 
whole-body v ib r a t io n  induced an in c re a se  in  pulmonary v e n t i la t io n .  
Mien th e  am plitude o f d isp lacem ent o f v ib ra t io n  was h e ld  co n s tan t 
th e re  was a  g re a te r  in c re a se  in  pulmonary v e n t i l a t io n  a t  the  
h ig h er freq u en c ie s  than  a t  th e  lower ones in v e s tig a ted *  whilst
when th e  peak a c c e le ra t io n  o f th e  ap p lied  v ib r a t io n  was k ep t con­
s tan t*  th e  re v e rse  h e ld  t r u e .  TIiub i t  would appear th a t  th i s  
phenomenon i s  n e ith e r  s o le ly  a c c e le ra tio n  nor amplitude dependent.
In  th e  co n d itio n s  o f the  experiment in which v ib ra t io n  a t  a 
c o n s ta n t am plitude was ap p lied  to  the  b u tto ck s of the sea ted  
sub ject*  there was a marked in c re a se  in  pulmonary v e n t i la t io n  
during  th e  p e rio d  of exposure to  vibration a t  frequencies of 6*
8 and 10 Hz w ith  th e  maximum changes occu rrin g  a t  th e  h ig h e s t 
fo rc in g  frequency (10 Hz) used in this study. The results have 
in d ic a te d  that a t  th e se  freq u en c ies  of v ib ra t io n  where a change 
in  m inute volume ventilation occurred, the  in c re a se  was ra p id  
in  o n se t a f t e r  th e  s t a r t  of th e  v ib ra t io n , in  most cases reached 
a maximum a f t e r  about five minutes v ib ra t io n  and th e re a f te r  declined 
in  magnitude towards the end o f the  ten minute v ib ra t io n  period.
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I t  was found th a t  the  in c re a se  in  minute volume ventilation 
induced by exposure o f the  su b je c t to  v ib ra t io n  at a co n s tan t 
am plitude was brought about by an increase in  bo th  t i d a l  volume 
and r e s p ir a to ry  r a t e .  A fte r  th e  o n se t of v ib r a t io n  at f r e ­
quencies of 6* 8 and 10 Hz th e re  was a moderate in c re a se  in  v alues 
o f t i d a l  volume which was su s ta in e d  throughout th e  e n t i r e  period 
o f v ib r a t io n .  The respiratory frequency on th e  o th e r  hand 
increased s h o r t ly  a f t e r  the o n se t of vibration, reached maximum 
v alu es a f t e r  about f iv e  m inutes o f v ib ra t io n  exposure and th e re ­
a f t e r  d ec lin ed  in  magnitude towards the  end o f the  period of 
v ib r a t io n .
One of th e  most im portan t f in d in g s  in  th i s  p a r t  o f the  
study was th a t  whole-body v ib ra t io n  a t  c e r ta in  freq u en c ies  and 
am plitudes may induce q u ite  severe  h y p e rv e n tila t io n  and hypocapnia 
In  the  esr/perimental sub jec t»  Thus during  the  p a r t  of the 
in v e s t ig a t io n  in  which v ib ra t io n  a t  a co n s tan t amplitude was 
ap p lied  to  the b q tto ek s  o f the  sea ted  subject* i t  was noted 
th a t  the r e l a t iv e  in c re a se  in  pulmonary v e n t i la t io n  at the  
h ig h er freq u en c ies  s tu d ie d  was g re a te r  than the  corresponding 
r e l a t iv e  in c re a se  in m etabo lic  oxygen uptake» These measurements 
suggested  th a t  th e re  was tru e  h y p e rv e n tila t io n  a t  th ese  frequencies 
of v ib r a t io n  and th is  conclusion  was supported  by the greater 
in c re a se  in  carbon d iox ide o u tp u t than in  oxygen uptake as 
r e f le c te d  by th e  values of the  r e s p ira to ry  exchange r a t i o  during
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v ib r a t io n .  The red u c tio n  ox pulmonary ventilation and r e s p ir a to ry  
exchange r a t i o  in  the recovery  p erio d  below th e i r  respective 
c o n tro l values* in  the experiments in  which pulmonary v e n t i la t io n  
was ra is e d  during  v ib ra tio n *  adds w eight to  the h y p o th esis  th a t  
th e re  was a c tu a l  h y p e rv e n tila t io n  in  th ese  c ircu m stan ces . The 
de term in a tio n s o f end t i d a l  carbon d ioxide te n s io n  dem onstrated 
again* tl ia t  under c e r ta in  circum stances* whole-body v ib ra tio n  
can cause v ery  marked hypocapnia. In th ree  of the  sub jec ts*  
each of whom developed w e ll marked sym|[3toms o f hypocapnia on 
esspasure to  whole-body v ib ra t io n  a t  a co n s tan t am plitude and a t  
a frequency of 8 Hz* the  end t i d a l  carbon d io x id e  te n s io n  f e l l  
to  a v a lu e  below 28 mm Hg a f t e r  only  th re e  m inutes o f v ib r a t io n .  
These f in d in g s  confirm  the  p rev ious re p o r ts  in  the l i t e r a tu r e  
(Dixon a t  al* 1951? D uffner e t  a l ,  1962? E m sting*  1961), vdiich 
show th a t  exposure of the human su b je c t to  whole-foody low f r e ­
quency v ib r a t io n  may induce an in c re a se  in  pulmonary v e n t i la t io n  
a t  c e r ta in  freq u en c ies  and i n t e n s i t i e s .  Although in  p rev ious 
re p o r ts  evidence has been adduced th a t  whole-body v ib ra t io n  may 
cause m oderate to  severe  h y p e rv e n tila t io n  and hypocapnia in  
c e r ta in  su b je c ts  (E rn s tin g , 1961; Dixon e t  al* 1961; Duffmar 
e t  a l ,  1962), the ex ac t mechanism re sp o n s ib le  fo r  th ese  
r e s p ir a to ry  changes was n o t c le a r .
In  the  p re se n t s e r ie s  of experiments a number o f possible 
ex p lan a tio n s fo r  the r e s p ir a to ry  changes during  exposure to
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whole-boiiy v ib ra t io n  a t  a co n s tan t d isp lacem ent am plitude* were 
considered  in  d e t a i l ,  Tlius i t  was b e lie v e d  th a t  one p o ss ib le  
mechanism ™ an x ie ty  in  the  experimental su b je c t -  was n o t a 
fa c to r  in  the c a u sa tio n  of hypeirvexitilation  and hypocapnia during  
the  p erio d  o f v ib ra t io n  exposure, since  a l l  the su b je c ts  used in  
the experim ent were h ig h ly  experienced in th e  procedures invo lved . 
Also, in  the  q u e s tio n n a ire  completed by each s u b je c t  a t  the end 
o f the p e rio d  of v ib ra t io n , a l l  denied that, th e re  was any an x ie ty  
o r apprehension p resen t*  I t  w i l l  be r e c a l le d  that: e a r ly  workers 
in  this f i e l d  advanced this as a p o ss ib le  f a c to r  in  the p roduction  
o f h y p e rv e n tila t io n  during  v ib ra t io n  exposure of experimental 
subjects.
A second p o ss ib le  ex p lan a tio n  f a r  the  respiratory changes 
during  whole-body v ib ra t io n  was a lso  co n s id ered , A number of 
au tho rs suggested  th a t  the phenomenon may a r i s e  as a r e f le x  due 
to  s tim u la tio n  of c e r ta in  n o n -sp e c if ic  o r  s p e c if ic  m echanoreceptors 
s i tu a te d  in  various p a r ts  of the body. The e x is te n c e  of such 
a r e f le x  mechanism as a cause of h y p e rv e n tila t io n  i s  'highly 
speculative, and a l l  p rev ious a ttem pts to  dem onstrate i t  have 
f a i le d  (Lamb and Tenney* 1966), The r e s u l t s  of the experim ents 
c a r r ie d  ou t In  the Investigation support the view th a t  such a 
r e f le x  mechanism* i f  it: e x is ts*  is  no t the prime cause of the 
hyperventilation and hypocapnia. Tims i t  was argued th a t  i f  
such a mechanism was responsib le*  the  greatest effect on ventilation
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raiglit be expected w ith  the  eond itiono  of vibration, giving r i s e  
to  maximum d is to r t io n  and d i f f e r e n t i a l  movement o f t is s u e s  con­
ta in in g  the a lleg e d  m echanoreceptora* i*e* a t  a  m ajor mode of 
body resonance. Xn the  p re s e n t in v e s t ig a t io n , however* it was 
shorn th a t  the g r e a te s t  degree o f h y p e rv e n tila t io n  occurred  with 
exposure o f th e  s u b je c t to  v ib r a t io n ,  n o t a t  the re so n a n t f r e ­
quencies of the  body, b u t a t  freq u en cies  co n s id e rab ly  h ig h e r than 
those known to  induce body resonance*
O bservations made during  the p re se n t s e r ie s  o f experim ents 
point to  the f a c t  that h y p e rv e n tila t io n  which occurs during 
exposure of the  s u b je c t to whole-body v ib ra t io n  i s  more l ik e ly  
exp la ined  on the b a s is  o f sh eer d iscom fort induced by the v ib ra t io n  
movement a t  certain frequencies and intensities * Tîiis ex p lan a tio n  
was one advanced by E m s tin g  (1961) fo r  the marked hyperventilation 
and hypocapnia induced in his su b je c ts  by w hole-bodj v ib ra t io n  
similar in nature to that used in  the  present experim ents* In 
the  experim ents c a r r ie d  ou t by Ernsting, and in th e se  re p o rted  in 
th is  th e s is*  the freq u en c ies  and in te n s i t i e s  of vibration which 
caused the  g r e a te s t  change In  v e n t i la t io n  were a lso  those which 
induced the g r e a te s t  degree of p a in  and d iscom fort in  the 
experim ental s u b je c t .  I t  i s  g en e ra lly  accepted th a t  p a in , o r 
acu te  discomfort, m y  cause h y p e rv e n tila t io n  and hypocapnia in 
a subject, and i t  i s  b e liev ed  that the d is com fort a s so c ia te d  w ith  
the. conditions of whole-body v ib ra t io n  used in  this study  was 
o f s u f f i c i e n t  magnitude as to  ex p la in  the  r e s p ir a to ry  effects.
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There are  a number of re p o r ts  in  the l i t e r a t u r e  te s t i f y in g  
to the acu te  d iscom fort a s so c ia te d  w ith  wholerbody vibration en­
countered i a  v ario u s forms of tra n s p o r t  as w e ll as in  la b o ra to ry  
experimental conditions, and it is well known to aircrew operating 
h e l ic o p te rs  th a t  low frequency v ib ra tio n s  occurring in the  air­
craft can g ive r i s e  to  abdominal and ch es t discomfort, a f t e r  
a r e la t iv e ly  s h o r t  p e rio d  of exposure. %ere was, therefore, 
co n sid e rab le  i n t e r e s t  in  the  p o s s ib i l i t y  th a t  th e  use of a 
restraining harness of the type used in fixed wing and rotary 
wing a i r c r a f t  m ight help to suppress the pain and d iscom fort 
a s so c ia te d  with whole-body v ib ra tio n  and m ight In turn reduce or 
eliminate the undesirable r e s p ir a to ry  changes. In a d d itio n  to  
p ro te c tin g  the wearer a g a in s t severe  forces of crash  landing  o r 
a s s is te d  escape from a i r c r a f t ,  s a fe ty  h arn esses  a re  known to 
p rov ide a c e r ta in  measure of p ro te c tio n  a g a in s t  the severe  low 
frequency o s c i l l a t io n  of f l i g h t  tliroug'h tu rb u len c e . In  the  
p re s e n t experiments the r e s p ir a to ry  e f f e c ts  o f whole-body 
v ib ra t io n  were s tu d ied  in  su b je c ts  who were fully r e s tr a in e d  in 
the  e je c t io n  s e a t  mounted on the v ib ra to r  p la tfo rm  using  a modern 
harness system  which, during the p eriod  of vibration, provided 
e x c e lle n t r e s t r a i n t  in  a l l  geom etrica l axes. The r e s u l t s  
ob ta ined  in  th is  p a r t  of the study were comtiarec! w ith  those 
ob ta in ed  during  v ib ra t io n  exposure w ith  the s u b je c t  sea ted  in  the 
e je c t io n  s e a t  on the  v ib ra to r  w ithou t any form of harness r e s t r a i n t .
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A comparison of the  results obtained from th a t  study  showed q u ite  
c le a r ly  th a t  to rso  r e s t r a i n t  in  the subject se a te d  on the  vibrator 
f a i le d  t> reduce the  pain  and d iscom fort a s so c ia te d  w ith  whole™ 
body v ib ra t io n  a t  a co n s tan t am plitude of d isp lacem en t, and a t  
the h ig h e r freq u en c ies  studied. Furtherm ore, the  in c re a se  in  
pulmonary v e n t i l a t io n ,  and the  production of h y p e rv e n tila t io n  
and hypocapnia at th ese  freq u en cies  occurred  in  both co n d itio n s 
o f the  experim ent, i.e. w ith  the  su b je c t r e s tr a in e d  and un res trained 
in  the  v ib ra t in g  s e a t .
I t  was c le a r  from th ese  s tu d ie s  th a t  even a modern harness 
system  g iv in g  e x c e lle n t r e s t r a i n t  of the to rso  in the  v ib ra tin g  
seat w as, however, inadequate in the p ro v is io n  of support o f the 
body in the  anatomical s i t e s  where pain i s  experienced  by the  
su b je c t exposed to  c e r ta in  co n d itio n s  o f whole-body vibration.
I t  has been knovm fo r  c e n tu r ie s  that: reso n an t co n d itio n s  w ith in  
the  body may be suppressed by r ig id  or semi-rigid b in d in g s , and 
t ig h t  s tra p p in g  has been p ra c t is e d  In  p a s t tim es by Arab r id e r s  
o f f a s t  drom edaries and i s  a lso  p ra c t is e d  by some ra c in g  m o to r is ts , 
motor c y c l is t s  and r id e r s  o f b o b -s le ig h s . Although th is  
p r in c ip le  has n o t y e t been adopted in  a v ia tio n  i t  was b e liev ed  
th a t  p ro v is io n  o f a s u i ta b le  garment which o ffe re d  e x te rn a l 
su p p o rt to  the  abdomen and c h e s t during whole-body v ib r a t io n ,  
might help  to  reduce the discomfort and p a in  in  th e se  areas during  
v ib ra t io n  and m ight a ls o  reduce the degree o f h y p e rv e n tila t io n
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and hypocapnia induced a t  c e r ta in  freq u en c ies  of v ib r a t io n .  In  
the experim ents rep o rte d  in Chapter: 5 of th is  th e s i s ,  a  study was 
made of the  m odifying e f f e c ts  o f wearing a  s tan d ard  item  of 
a irc rew  equipment on the  r e s p ir a to ry  changes induced by whole" 
body co n s tan t am plitude v ib r a t io n .  The r e s u l t s  ob ta ined  in  th a t  
p a r t  of the  i iw e s t ig a t lo n  showed th a t  the  in c re a se  in  pulmonary 
v e n t i la t io n  b rought about by exposure to  whole-body v ib ra t io n  a t  
the  h ig h e r freq u en c ies  s tu d ie d  (6 , 8 and 10 Hg;) was g re a t ly  
reduced whan th e  s u b je c t  wore a garment which gave su p p o rt to 
both  abdomen and c h e s t. Furtherm ore, i t  was dem onstrated th a t  
when th is  garment was worn during  the period of v ib ra t io n  
exposure, the  marked hypocapnia induced by v ib r a t io n  a t  c e r ta in  
frequencies in th e  u n p ro tec ted  su b je c t was e i th e r  e lim in a ted  o r 
very  g re a t ly  reduced. At those frequencies of v ib ra t io n  where 
th e  u n p ro tec ted  su b je c t su ffe re d  co n s id e rab le  discomfort and pain  
in  the  abdomen and c h e s t during  whole-body vibration, w earing of 
the s u i t  also e lim in a ted  o r g re a t ly  reduced t h i s .  The results 
of th is  p a r t  of the  in v e s t ig a t io n  re in fo rc e d  the  b e l ie f  that p a in  
and discomfort in  the c h e s t and abdomen, experienced  by the 
s u b je c t  du ring  exposure to  co n s tan t am plitude whole-body vibration; 
is the  most l ik e ly  ex p lan a tio n  fo r  the  h y p e rv e n tila t io n  and 
hypocapnia observed a t  th e  same fo rc in g  f re q u e n c ie s . I t  was 
b e liev ed  th a t  the  a p p lic a tio n  of e x te rn a l support to the  abdomen 
prevail ted  p a in fu l o s c i l l a t io n  of the v is c e ra  du ring  v ib ra t io n  and
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s im ila r  su p p o rt to  the  upper to rso  prevented  upwards and down­
wards movement of la rg e  muscle masses (e.g. p e c to ra l  muscles) 
during  the  p erio d  of v ib ra t io n  exposure. Although l i t t l e  i s  
known about the  n a tu re  and d u ra tio n  of whole-body v ib ra t io n  as 
i t  occurs in  f l i g h t ,  the  r e s u l t s  of th is  part: of th e  study  g ive 
encouragement th a t  the  p ro v is io n  of aircrew w ith  a s u i ta b le  pro­
te c t iv e  supporting  garment might e lim in a te  o r reduce the  f l i g h t  
hazards associated with the o n se t of hyperventilation and hypo­
capnia during  conditions of prolonged and severe  v ib ra t io n  in  
f l i g h t .  I t  i s  c le a r ,  however, th a t  co n sid erab ly  more work in  
th is  f ie ld , i s  essential.
In the  second p a r t  of the  experimental s tu d ie s ,  rep o rted  
in  C hapter 6 of th is  thesis, subjects were exposed to  wholeHiody 
v ib ra t io n  a t  a co n s ta n t acceleration am plitude (jt 0.4 Gz) and a t  
freq u en cies  from 2 -  10 Hz. These s tu d ie s  confirm ed the  fin d in g s  
rep o rted  by Dixon e t  al (1961), Eras ting (1961) and D uffner efc 
a l  (1962)3 th a t  whole-body v ib ra t io n  a t  a constant a c c e le ra tio n  
am plitude and a t  c e r ta in  freq u en cies  causes an in c re a se  in  
pulmonary v e n t i la t io n  in  the  experimental subject. U nlike the 
r e s p ir a to ry  changes observed during  whole-body v ib ra t io n  a t  a 
constant disp lacem ent amplitude, the greatest in c re a se  in  
pulmonary v e n t i la t io n  occurred  a t  the lower range o f frequencies 
s tu d ied  and the  maximum changes occurred w ith  a fo rc in g  frequency 
of 6 Analysis of the d a ta  from this s e r ie s  o f experim ents
262.
showed th a t  th e  r e l a t i v e  in c re a se  in  pulmonary v e n t i la t io n  
ob ta in ed  w ith  exposure to  v ib ra t io n  a t  a frequency of 5 Hs was 
of the  same o rd e r of magnitude as the corresponding r e la t iv e  
in c re a se  in  metabolic oxygen up take , and the in c re a se  in  pulmonary 
v e n t i la t io n  was n o t,  th e re fo re , hyperventilation. This belief 
was supported  by the measurements of end tidal carbon d iox ide 
te n s io n  and r e s p ir a to ry  exchange r a t io  ob ta in ed  during  the  period  
o f v ib ra t io n  exposure. Cm the  o th e r hand i t  was shown th a t  the 
in c re a se  in  pulmonary v e n t i la t io n  which occurred  w ith  exposure of 
the  s u b je c t  to v ib r a t io n  a t  th e  lower freq u en c ies  o f 2 Hz and 
4 Hz was g re a te r  than the  corresponding in c re a se  in  m etabolic 
oxygen u p tak e , and th is  suggested  th a t  a tru e  h y p e rv e n tila t io n  
occurred  a t  th e se  frequencies. This was f u r th e r  re in fo rc e d  by 
the  o b se rv a tio n  th a t  th e re  was a g re a te r  increase in carbon d iox ide  
o u tp u t than in  oxygen uptake as r e f le c te d  by the  values of 
r e s p ir a to ry  exchange r a t i o .  A lso , d e te rm in a tio n  o f end tidal 
carbon d io x id e  te n s io n  ob ta in ed  during vibration of the  s u b je c t 
a t  th e se  frequencies showed th a t  th e re  was a m oderate hypocapnia 
(end t i d a l  carbon d iox ide  f e l l  by 5 ,3  mm Hg a t  a frequency of 
2 Hz), In  contrast, however, to  th e  r e s u l t s  ob ta in ed  in the  
co n s tan t amplitude v ib ra t io n  s tu d ie s ,  no s u b je c t  rep o rted  
symptoms which could be r e fe r re d  to  those of hypocapnia.
Considerable i n t e r e s t  a tta c h e s  to the f in d in g  of h y p e rv e n tila t io n  
and hypocapnia w itli exposure o f the  su b je c t to  v ib r a t io n  a t  constant
263.
acceleration-amplltude. At these frequencies of vibration 
(2 Hz and 4 H%) where this phenomenon occurred, there wore no 
symptoms of d iscom fort or pain rep o rted  by th e  experim ental subjects, 
In  the  d isc u ss io n  which follow ed th is  part of the experim enta l 
investigations arguments were pu t forward in  favour of th e  belief 
th a t  the mecliaiilsm causing  h y p e rv e n tila t io n  and hypocapnia in  
the subject exposed to  v ib ra t io n  a t  co n s tan t a c c e le ra tio n  was 
different from that causing the phenomenon during exposure of the 
subject to vibration at a constant amplitude of displacement.
It was suggested that the exp lana tions for the h y p e rv e n tila t io n  
associated with vibration exposure of this type might be related 
to la b y r in th in e  s tim u la tio n  due to  vertical and r o ta t io n a l  head 
movements. This ex p lan a tio n  was a lso  suggested  by Dixon e t  a l 
(1961) and Bras tin g  (1961)« who found co n s id e rab le  h y p e rv e n tila t io n  
in subjects exposed to whole-body vibration at constant acceleration 
and low frequencies*
In the investigations carried ou t by Dixon e t  a l  (1961) and 
Ernsting (1961) the  magnitude of the increase in pulmonary 
ventilation induced by whole-body v ib ra t io n  a t  a constant 
aeee1 era tio n -am p litu d e  and c e r ta in  freq u en c ies  was co n sid erab ly  
g re a te r  than th a t  ob ta ined  in  the  p re se n t s e r ie s  o f experim ents, 
using conditions of vibration exposure similar to those used by 
the previous authors* This observation suggested that the 
d if fe re n c e s  in the  magnitude of the  r e s p ir a to ry  changes induced
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by wl'iole-bocîy v ib ra t io n  in th e  W o  prev ious and two p re s e n t 
experim ents m ight be exp lained  on the  b a s is  of p o s tu re  adopted 
by the experim enta l su b je c ts  during  the  p erio d  of v ib r a t io n .
I t  was b e liev e d  th a t  the  adoption  of a se m i-re c lin in g  p o s tu re  
( s i ip lla r  to  th a t  used by a irc rew ) might causa a d is t r ib u t io n  o f 
the  fo rces  of vibration away from the  sp in a l ax is  in such a way 
as to p ro te c t  the head from violent v e r t i c a l  and r o ta t io n a l  move­
ments , In this way I t  was thought p o ss ib le  th a t  s tim u la tio n  of 
the  labyrinth might also be reduced during th e  p e rio d  of v ib ra t io n  
and that th i s  in  turn  m ight reduce the  magnitude o f the  r e s p ir a to ry  
changes induced by whole-body v ib ra t io n  at a c o n s ta n t a c c e le ra tio n  
a n ^ litu d e  and a t  the  lower freq u en cies  s tu d ie d .
In the  experim ents rep o rted  in  Chapter 7 o f th i s  thesis, 
the experimental subject was exposed to vibration at a constant 
accoleration-amplitude whilst seated on the vibrator first in an 
u p r ig h t p o s tu re  and then in a semi-reclining posture. The 
results of that study showed that irrespective of the posture 
adopted by the subject, vibration at frequencies of 2 Hz and 4 ïïz 
caused an increase in pulmonary ventilation which was a true 
hyp ervent i1ation with hypocapnia. With bo th  postures* the  
Diagnitude of th e  hyperventilation and the  r e s u l t in g  hypocapnia 
was the same, although the absolute values fo r  pulmonary v e n t i la t io n  
and metabolic oxygen consultation were higher in the condition of 
the experim ent where the  su b je c t adopted an upright r a th e r  than
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a Bfômi-recixaiiig p o s tu re . llie  d if fe ra n c e s  in  the v alues of 
th ese  respiratory v a r ia b le s  probably reflected the in c reased  
m uscular e f f o r t  req u ired  by die su b je c t to  m a in ta in  h is  p o s tu re  
In the upright state. An additional experiment was carried out
to study  the  e f f e c ts  of aa u p rig h t and a. semi-reclining postitra
on the  head movements ex h ib ite d  by the su b je c t during  exposure to
whole-'-body v ib ra t io n  a t  an a c c e le ra tio n  am plitude of 4- O il Gz and
a t  freq u en c ies  of 2, 4 and 6 Hz. The r e s u l t s  of th a t  study
showed th a t  fo r  the conditions of v ib ra t io n  used , th e  adoption  of 
e i th e r  an u p r ig h t or a s e m -re c l in in g  p o s tu re  had no e f f e c t  upon 
th e  magnitude of v e r t i c a l  o r r o ta t io n a l  components o f head move- 
ment recorded during the period of vibration. Arguments were 
p u t forw ard fo r  b e lie v in g  th a t  th e  same would hold t r u e  fo r  con­
d it io n s  of v ib ra t io n  a t  a h ig h e r intensity (accelerafcion-am plitude 
3^; 0*4 Cz) o f the type us ad in  the  main experim ents in  th is  
in v e s t ig a t io n . From, a -p rac tic a l p o in t of view, th e  r e s u l t s  have 
suggested  th a t  a se m i-re c lin in g  p o stu re  of th e  type used by most 
a irc rew  s i t t i n g  in an a i r c r a f t  seat, would no t p r o te c t  the  su b je c t 
exposed to c e r ta in  co n d itio n s  of whole-body v ib ra t io n  in f l i g h t  
from the  respiratory d is tu rb an ces  induced th ereb y  (e.g. hyper­
v e n t i la t io n  and resulting hypocapnia), although a c e r ta in  measure 
of p ro te c tio n  m ight be affo rd ed  by the  adoption  of th i s  s i t t i n g  
posture from the increased metabolic activity which would be 
req u ired  to  m ain ta in  an u p rig h t posture*
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The p r a c t i c a l  s ig n if ic a n c e  of the f in d in g s  in  the p re se n t 
study  r e l a t e  to  p o s s i b i l i t y  th a t  hyperventilation and hypocapnia 
may be induced in aircrew by c e r ta in  types of v ib r a t io n  occu rrin g  
in  f l i g h t .  A lthough the n a tu re  and d u ra tio n  of i n - f l i g h t  
v ib ra t io n  has n o t y e t  been clearly defined  for v ario u s  types of 
a i r c r a f t ,  i t  i s  known th a t  random structure-borne v ib ra t io n  can 
occur over q u ite  long periods in  a i r c r a f t  operating at high speed 
and low le v e ls  particularly in co n d itio n s o£ tu rb u le n c e . Although 
the nature of th e  v ib ra t io n  i s  random, th e re  i s  evidence th a t  the 
fundamental frequency of th is  type of oscillatory d is tu rb a n ce  l i e s  
in  the  frequency range 1 - 10 Hz and may be responsible fo r  the 
p ro d u ctio n  o f r e s p ir a to ry  changes s im ila r  to those observed during  
the  experim ental v ib ra t io n  used in  th e  p re se n t investigations.
The danger of hyperventilation and hypocapnia during  f l i g h t  in 
co n d itio n s  of whole-body v ib ra t io n  l i e s  in  i t s  e f f e c ts  upon the 
perform ance of a irc rew  in  f l i g h t  and in  i t s  possible synergism  
w ith  other forms of environm ental s t r e s s  in  a v ia t io n . I t  i s ,  
th e re fo re ,  necessary  to  examine the  s ig n if ic a n c e  o f h y p e rv e n tila t io n  
in  the  a v ia tio n  situation in o rder to  a p p re c ia te  th e  Im portance 
of this finding in conditions of who1e-body s tru c tu re -b o rn e  
v ib ra tio n o
In  aviation, h y p e rv e n tila t io n  may be e i th e r  a p h y s io lo g ic a l 
r e a c tio n  to  hypoxia or a s t r e s s  reaction. Except in  se rio u s  
emergency situations, hypoxia i s  n o t l ik e ly  to  be o f sufficient
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magnitude as to  cause a irc rew  to  h y p e rv e n tila te  but as a re a c tio n  
to  a s t r e s s f u l  situation, hyperventilation may be common and a t
tim es re sp o n s ib le  fo r  marked changes in  psychomotor perform ance. 
Although h y p e rv e n ti la t io n  in  f l i g h t  may have been recognised 
b efo re  th is  tim e, Hinsliaw and Boothby (1941) drew a t te n t io n  to  
th e  p o s s ib le  hazards of th is  co n d itio n  when they rep o rted  th a t  
one of th e  au th o rs had experienced symptoms of tetany when 
a ttem p ting  to  land  an a i r c r a f t  in  adverse w eather conditions.
He was ab le  to re p re ss  h is  urge to  h y p e rv e n t i la te , his symptoms 
disappeared  and he landed h is  a i r c r a f t  s a fe ly .  S ince th a t  time 
o th e r  r e p o r ts  have been pub lished  (Hinshaw, B.ushater and Boothby, 
1943; Rushmar and Bond, 1944), and many o th e r  in-flight in c id e n ts  
which su g g est the  occurrence of h y p e rv e n ti la t io n , have been 
recounted  to  medical o f f ic e r s  a sso c ia te d  w ith  f ly in g  personnel.
I t  has been d i f f i c u l t  to  assess the  s ig n if ic a n c e  of th ese  re p o r ts  
because many f a c to rs  may be involved in the cau sa tio n  of b iz a r re  
i n - f l i g h t  conditions. One of th e  g re a t d i f f i c u l t i e s  l i e s  in 
d is t in g u is h in g  between the  a f f e c ts  of hyperventilation and 
hypoxia (Wayne, 1957), and a d ec is io n  as to  w hether e i th e r  o r 
both of th e se  co n d itio n s has been re sp o n s ib le  fo r  an in-flight 
in c id e n t involving d is tu rb an ce  of consciousness i s  usually 
extrem ely d i f f i c u l t  to make from re tro s p e c tiv e  q u es tio n in g  and 
c l in i c a l  exam ination of the  a f fe c te d  crew member. There i s ,  , 
th e re fo re , very  l i t t l e  known about the tru e  n a tu re  of and
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c a u sa tiv e  fa c to rs  involved in  th is  co n d itio n  and because of the  
potential hazard  which in-flight h y p e rv e n tila t io n  p re s e n ts , work 
i s  a t i l l  in p ro g ress  attoBipting to  a ssess  the  significance of 
th is  co n d itio n  in  aviation,
From th e  knowledge which i s  c u r re n tly  a v a ila b le  i t  would 
appear t h a t  th e  main hazard  a s so c ia te d  w ith  the  o n se t of h^mer- 
v e n t i la t io n  and hypocapnia in  a irc rew  during  f l i g h t  lies in  the  
adverse e f f e c t  which th is  co n d itio n  has on the perform ance of 
complex ta s k s ,  Xt Is  n o t knomi w ith  any degree of c e r ta in ty  
to  what e x te n t h y p e rv e n tila t io n  a f f e c ts  ouch perform ance although 
Rabn, O tis ,  Hodge, E p s te in , lim iter and Feiiu (1946) concluded th a t  
th e re  was l i t t l e  decrement in the  perform ance of a psychomotor 
ta sk  u n t i l  th e  a lv e o la r  carbon d iox ide  tension had f a l l e n  to  
about 25 mm Hg, Xt is d is tu rb in g  to  no te  th a t  in th e  present 
in v e s t ig a t io n  th re e  o f the  eacperimental su b je c ts  developed q u ite  
marked symptoms of hyperventilation w ith  hypocapnia a f t e r  th re e  
m inutes exposure to  v ib ra t io n  a t  a co n s tan t amplitude of d is ­
placem ent and a t  th e  h ig h e r frequencies in  the range studied.
In  th e se  su b je c ts  the  symptoms p resen ted  as tingling of the 
hands and fo o t w ith  quite marked fe e lin g s  of * mental detachment® 
which persisted unchanged throughout the  p e rio d  of v ib ra t io n . 
In  the  su b je c ts  showing symptoms of hypocapnia,the  e n d - tid a l  
carbon dioxide tensions fell from values of 38 -  40 mm Hg 
o b ta in ed  during  the  p e rio d  of r e s t  prior to  v ib r a t io n ,  to  va lues
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of 28 -  32 mm Hg ob ta ined  during the p e rio d  o f v ib r a t io n ,  Xt 
i s  q u ite  c le a r  th a t  i f  such a degree of h y p e rv e n tila t io n  and 
hypocapnia was to  occur during  f l i g h t  as a r e s u l t  o f i n - f l i g h t  
structure-borne v ib ra t io n , the  r e s u l t in g  deterioration in the
m ental c o n d itio n  o f th e  su b je c t could be serious,
While la b o ra to ry  s tu d ie s  on th e  e f f e c ts  o f hypocapnia have 
shoim -that d e te r io r a t io n  in  th e  perform ance of a m ental ta sk  may 
not become apparen t u n t i l  th e  a lv e o la r  carbon d iox ide ten s io n  
has f a l l e n  to  about 25 mm Hg, i t  should be borne in  mind th a t  in  
aviation, syr^tbms of h y p e rv e n tila tio n  and hypocapnia could a r i s e  
in  a irc rew  a lread y  affected by o th e r s t r e s s e s  o f f l i g h t .  Thus, 
i t  has been s ta te d  th a t  s t r u c tu re  borne whole-body v ib ra t io n  i s  
l i a b le  to  occur in  th e  type of f l i g h t  in which th e  p i l o t  i s  
req u ired  to  o p e ra te  a t  very  high speeds and low le v e l where 
co n d itio n s  of sev ere  m e teo ro lo g ica l tu rb u len ce  may p rev a il*
In  th ese  circumstances, high speed flight through h igh  d e n s ity  
a i r  b rin g s  w ith  i t  the  d is tu rb an ce  of heat: s t r e s s  to the  occupant 
o f the a i r c r a f t  and the r e s u l t in g  d e te r io ra t io n  in  m ental 
performance which th is  i s  known to  cause* In  a d d it io n , f l i g h t  
o f this type necessitates a considerable work load on the part 
of th e  p i l o t  who i s  req u ired  to  fly his a i r c r a f t  fo r  s t r a t e g ic  
purposes very c lo se  to the ground w ith  the  constant danger of 
ground c o n ta c t. I t  has been shown (N o rris , 1964) th a t  the 
phases of f l i g h t  in an a i r c r a f t  which demand in te n s iv e  concentration 
on the p a r t  o f th e  p i l o t  (e.g. in strum en t f ly in g  in  poor visibility.
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or t e r r a in  fo llow ing  f l i g h t )  a re  those  which may induce an 
in c re a se  in pulmonary ventilation, h y p e rv e n tila t io n  and hypocapnia
in  a irc rew . I t  i s  b e liev ed  th a t  in  the a lread y  s t r e s s f u l  con­
d it io n s  of lo w -le v e l, h igh -speed  f l i g h t  in a modern high performance 
a i r c r a f t  the a d d itio n  o f even a mild degree o f hyp erven t  i  la. t  ion  
and hypocapnia induced in  the  pilot, could re p re s e n t  a se rio u s  
hazard *
PART I I
The measurements o f gaseous exchange which ware made during  
th e  co n s ta n t am plitude s e r ie s  of experim ents have shorn that when 
th e  fo rc e  of vibration applied to the subject was high, th e re  was 
an in c re a se  in  th e  m etabo lic  oxygen uptake* Thus, when the  
su b je c t was exposed to  whole-body vibration a t  a constant am plitude 
of d isp lacem ent and a t  freq u en c ies  of 6, B and 10 Hz, the  in c re a se  
in  mean v a lu es  o f m etabo lic  oxygen consumption, over values 
obtained a t  rest, were 25%, 50% and 72% re sp e c tiv e ly *  In  each 
case , the  in c re a se  in  m etabo lic  oscygen consumption occurred  w ith in  
th e  f i r s t  few m inutes a f t e r  the  s t a r t  of vibration, reached a 
siaxlmum v alu e  a f t e r  f iv e  m inutes of exposure to  v ib r a t io n  and 
th e r e a f te r  was sustained, almost unchanged throughout the  e n t i r e  
p erio d  of vibration. At th e  te rm in a tio n  o f v ib ra t io n  and during  
th e  subsequent p erio d  of recovery, th e  mean values of m etabolic
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oxygen consuiïç>tion fell to below those obtained in the period of 
rest prior to vibration. These findings confirm the early 
observations by German workers that severe whole-body vibration 
may induce manifestations of alarm in the experimental subject 
with, among other changes, an increase in metabolic activity.
They also confirm and extend the findings of Erneting (1961) and 
Gaeuman et al (1962) that whole-body vibration at high intensities 
causes a marked increase in metabolic activity in the seated 
experimental subject. In Erasting*s investigations, however, a 
significant increase in metabolic oxygen uptake was recorded only 
at a forcing frequency of vibration of 9.5 Hz and at an acceleration^^ 
amplitude of + 0.5 Gz@ whereas, in the experiments carried out by 
Gaeuman and his co-workers, a linear increase in oxygen consumption 
was reported with increasing frequencies from 6 to IS Hs at a fixed 
displacement-amplitude of ^  0.132 in. These latter workers used 
conditions of whole-body vibration, which were similar to those 
used in the present series of escpariments and the results obtained 
in the tizo investigations are also similar.
In these tï-70 main previous studies carried out on the 
metabolic activity of the subject exposed to whole-body vibration, 
the authors believed that the marked increase in the respiratory 
variable was due to the increased muscular effort required by the 
experimental subject to maintain his posture in the face of 
violent shaking in the vibrator seat. It will be recalled that
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in both these studies, the subject sat either directly on the 
platen of the vibrator or in a simple upright seat during the 
period of vibration exposure. In neither case x^as the subject 
restrained by any form of harness restraint system and the 
authors noted that considerable effort was required by the subject 
to remain seated in the upright position during the entire period 
of vibration exposure. In the present series of experiments, 
the validity of this explanation for the increase in metabolic 
activity during vibration was tested by exposing subjects to 
constant amplitude vibration whilst seated in an aircraft type 
seat either restrained or unrestrained by a well tested harness 
system of knoxra efficacy. Tlie results of this part of the study 
indicated that an increase in metabolic oxygen consumption occurred 
in the experimental subject during exposure to vibration at high 
intensities, and that this occurred with the same magnitude 
irrespective of whether the subject was restrained or unrestrained 
in the vibrating seat. In the experiments in which the torso 
of the subject was fully restrained by harness, no effort was 
required on his part to maintain posture during the period of 
vibration exposure, and it was considered that maintenance of 
posture could not be the primary cause of the increased metabolic 
activity which was observed.
In an earlier investigation Gbrmann (1940) noted that 
almost immediately upon exposing his subjects to whola-body
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vibration at certain frequencies and Intensities there was an 
obvious generalised increase in the tension of various groups of 
muscles throughout the body. From a study of this early report.
It appeared that the muscle masses involved in this phenomenon 
were not those normally associated with maintenance of posture 
and this suggested the possibility that tensing of musculature as 
a result of some mechanism other than that related to posture 
might explain the increase in metabolic activity during whole- 
body vibration exposure. In the present series of experiments, 
therefore, the behaviour of various groups of muscles was examined 
during different conditions of exposure to vibrations using a 
technique of high speed cinematography. A fraiua by frame analysis 
of the Qisposed cine film revealed that during exposure of the 
subject to whola-body vibration at a constant displacement amplitude 
and at frequencies of 6, 8 and 10 Hz, various groups of muscles 
visible on the surface of the body exhibited alternate periods of 
tensing and relaxation throughout vibration exposure. At the 
higher intensities of vibration studied (8 Hz and 10 Hz) a number 
of muscle groups exhibited a sustained contraction throughout 
vibration while others showed long periods of contraction and 
short periods of relaxation. Xt was also noticed that the muscle 
groups which exhibited this phenomenon during vibration were not 
necessarily those associated xfith maintenance of posture. It 
was believed that this phenomenon was the most likely esq^lanation
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for the increased metabolic oxygen consumption observed during 
exposure of the subject to high intensity whole-body vibration.
While it must remain speculation, it was considered possible that 
the muscular activity observed during vibration could be partly 
voluntary and partly involuntary as an attempt by the body to 
alter its mechanical Impedance characteristics, modify or redistribute 
the transmission of the input vibration or alter resonance 
characteristics in such a way as to protect certain more vulnerable 
parts from the effects of the vibration disturbance. In support 
of this view it was found that when the subject exposed to high 
intensity vibration was asked to attempt deliberate relaxation 
of his muscles he could do so for only a brief period and during 
that time differential movement of various parts of the body was 
noticeably increased to an extent which caused him very severe 
discomfort or frank pain.
In contrast to the results obtained in the constant amplitude 
vibration studies, it was shown that on exposure of the experimental 
subject to whole-body vibration at a constant acceleration 
(j. 0.4 Gz) there xfas a relatively minor increase in metabolic 
oxygen consumption at frequencies of 2 Hz and 4 Hz, a fairly 
marked increase at a frequency of 6 Hz and no appreciable change 
in metabolic activity at frequencies of 0 and 10 Hz. The increase 
in metabolic oxygen consumption observed in the subject exposed 
to vibration at a constant acceleration (+ 0.46 Gz) and at a 
frequency of 6 Hz was similar in magnitude to the increase observed
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at this frequency during exposure of the subject to vibration at 
a constant displacement amplitude (acceleration amplitude in that 
series « 0.5 Gz). It is of interest to note that at this
frequency exposure of the subject to vibration at a constant 
acceleration caused the only symptoms of discomfort recorded 
during this series of vibration experiments although as previously 
stated, it was considered that these were of insufficient mag­
nitude to induce symptoms of hyperventilation and hypocapnia in 
the subject. Although no formal cinematographic studies ware 
carried out on the behaviour of muscle masses during vibration in 
that series, direct observation of the subject gave clear evidence 
that on esEposure to vibration at 6 Hz and an acceleration an^litude 
of 0*4 Gs the subject tensed a number of muscle groups either 
as a voluntary or involuntary procedure. It was believed, there­
fore, that the increased metabolic activity observed at this 
frequency of vibration could be explained on the same basis as 
for that observed at the same frequency i n  the constant amplitude 
s e r ie s .
With exposure of the subject to whole-body vibration at a 
constant acceleration and frequencies of 2 Hz and 4 Hz there was 
in each case a email increase in metabolic oxygen consumption. 
Although small in absolute terms, it was observed that the increase 
in metabolic activity with exposure of the subject to vibration 
at these frequencies was significantly greater when he was
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u n re s tra in e d  than  when he was re s tr a in e d  by h arness in  the  
v ib ra t in g  s e a t .  This f in d in g  im m ediately suggested  th a t  th e  
In creased  m etabo lic  a c t iv i ty  ob ta ined  a t  the  lower freq u en c ies  
in  th e  range s tu d ied  i s  probably  due to  th e  m uscular a c t iv i ty  
re q u ire d  to  m a in ta in  p o s tu re  in  the  face  of v ib r a t io n .  I t  should 
be no ted  th a t  in  o rd e r to  m a in ta in  a co n s ta n t am plitude of 
a c c e le ra tio n  0 .4  Gs) a t  th ese  lower f re q u e n c ie s , a  la rg e  d is ­
placem ent am plitude s e t t in g  was re q u ire d  fo r  th e  p la tfo rm  o f the  
v ib r a to r .  In  sup p o rt o f the  view th a t  m aintenance o f p o s tu re  
was th e  mechanism re sp o n s ib le  fo r  the  sm all in c re a se  in  m etabolic  
a c t iv i ty  during  eieposure to  v ib ra t io n  a t  f req u en c ies  o f 2 Hz and 
4 Hz, i s  th e  o b se rv a tio n  th a t  th e re  was no p e rc e p tib le  muscle 
te n s in g  in  any of the  su b je c ts  a l l  of whom re p o rte d  th a t  th is  
co n d itio n  o f v ib ra t io n  was n o t a s so c ia ted  w ith  any ap p rec iab le  
d isco m fo rt. In  fu r th e r  support o f th is  h y p o th esis  i s  th e  f in d in g  
th a t  when th e  s u b je c t  was exposed to  v ib ra t io n  a t  a co n s tan t 
a c c e le ra t io n  am plitude and freq u en cies  o f 2 Hz and 4 Hz w h ils t  
se a ted  in  an u p r ig h t p o s tu re  w ith o u t any form o f back su p p o rt, 
the  measured m etabo lic  oxygen consumption was s ig n i f ic a n t ly  h igher 
than  th a t  o b ta in ed  a t  th e  same freq u en cies  w ith  the  s u b je c t  sea ted  
in  a s e m i-re c lin in g  p o s tu re  in  an a i r c r a f t  type s e a t .  In  th ese  
experim ents (re p o rte d  in  Chapter 7) i t  was no ted  th a t  a t  the 
lower freq u en c ies  in  th e  range s tu d ied  (2 Hz and 4 Hz) th e  su b je c t 
sea ted  u p r ig h t in  th e  s p e c ia l ly  m odified s e a t  re q u ire d  co n tin u a l
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and co n s id e rab le  e f f o r t  to  m ain ta in  Ms p o s tu re .
I t  i s  concluded, th e re fo re ,  th a t  th e re  may be to*/o mechanisms 
involved in  th e  in c re ase d  m etabo lic  a c t iv i ty  observed in  the 
su b je c t exposed to  low frequency whole-body v ib r a t io n .  At 
c e r ta in  freq u en c ies  o f v ib ra t io n  where th e re  i s  a la rg e  am plitude 
of d isp lacem ent b u t where th e re  i s  no v o lu n ta ry  o r  in v o lu n ta ry  
ten sin g  on th e  p a r t  o f the  exposed s u b je c t ,  m uscular a c t i v i t y  i s  
req u ired  sim ply to  m ain ta in  p o s tu re  during  the  v ib r a t io n  and th is  
i s  r e f le c te d  by a sm all in c re a se  in  m etabolic  oxygen consumption.
In  o th e r  co n d itio n s  o f v ib ra t io n  At h ig h e r i n t e n s i t i e s  i t  appears 
th a t  th e re  i s  a  g e n e ra lise d  r e f le x  ten sin g  o f m uscu la tu re . With 
th ese  l a t t e r  co n d itio n s  o f v ib ra t io n  i t  i s  most l ik e ly  th a t  any 
in c re a se  in  m uscular a c t iv i ty  due to  th e  requ irem ents to  m ain ta in  
p o s tu re  a re  in s ig n i f i c a n t .
I t  has been s ta te d  p rev io u s ly  th a t  a knowledge of th e  meta^
b o lic  oxygen consumption (m etabolic h e a t o u tp u t)  o f the  su b je c t
exposed to  a l l  co n d itio n s  l ik e ly  to  be encountered  in  o p e ra tio n a l 
f l i g h t  i s  of p r a c t ic a l  im portance to  the  m aintenance o f com fort,
w e ll being  and s a fe ty  o f a irc re w . Thus a knowledge of th e
m etabo lic  a c t i v i t y  in  a irc rew  exposed to  co n d itio n s  o f f l i g h t  
in  which low frequency whole-body v ib ra t io n  o ccu rs , i s  of v a lue  
in  the design  o f a i r c r a f t  and perso n a l therm al co n d itio n in g  
system s, which a re  re q u ire d  to  m ain ta in  the  occupant in  therm al 
com fort and enab le  him to  c a rry  o u t h is  i n - f l i g h t  ta sk s  e f f ic ie n t ly ,
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In  the p a s t ,  however, i t  has been very  d i f f i c u l t  to  a s se ss  the 
requirem ents fo r  a i r c r a f t  o r  p e rso n a l therm al co n d itio n in g  in  
v a rio u s  types o f f ly in g  co n d itio n  s in ce  th e re  is  l i t t l e  in fo rm ation  
a v a ila b le  on the  m etabo lic  energy expended by the  p i l o t  f ly in g  
d i f f e r e n t  types o f a i r c r a f t  and u n t i l  now very  l i t t l e  in fo rm ation  
on the  e f f e c t  o f s tru c tu re -b o rn e  v ib ra t io n  on m stab o lic  a c t iv i ty  
in  aircrew * In  review ing th e  l i t e r a t u r e  i t  was s ta te d  th a t  th e  
work o f p rev ious au th o rs  shows th a t  in  terms o f energy expend itu re  
and p h y s ic a l a c t i v i t y  th e  t o t a l  f l i g h t  p r o f i l e  o f any a i r c r a f t  
may be considered  as a number o f d i f f e r e n t  phases ( e .g .  a scen t 
to  a l t i t u d e ,  ro u tin e  f l i g h t ,  emergency s i tu a t io n ,  e t c . )  a l l  of 
which p lace  d i f f e r in g  demands on the  p i l o t .  In  alm ost a l l  o f 
th ese  phases of f l i g h t ,  and u n fo rtu n a te ly  in  many o f those where 
th e  workload of the p i l o t  i s  a lread y  q u ite  c o n s id e ra b le , whole 
body s t r u c tu re  borne v ib ra t io n  may be encountered and may s ig ­
n i f ic a n t ly  add to  the  problem of m ain ta in ing  th e  p i l o t  in  a 
co n d itio n  in  which he can ca rry  o u t h is  ta sk s  e f f i c i e n t l y .
With th e se  adverse  a f f e c t s  o f whole body v ib ra t io n  in  mind, th e  
f in a l  p a r t  o f th i s  d isc u ss io n  h ig h lig h ts  some of th e  a reas  
where i t s  occurrence could prove em barrassing to  a irc rew  o p era tin g  
under d i f f e r e n t  co n d itio n s  of f l i g h t .  This a sp e c t i s  d iscu ssed  
in  terms of the  m etabo lic  energy eicpenditura re q u ire d  by the  
p i l o t  to  f ly  h igh  perform ance and h e l ic o p te r  a i r c r a f t .
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One type of f ly in g  in  which the. occurrence o f s t r u c tu re  
borne whole-body v ib ra t io n  g ives r i s e  to  the g r e a te s t  concern 
i s  th a t  o f h igh  perform ance a i r c r a f t .  I t  i s  u n fo rtu n a te  th a t  
th e re  i s  v ery  l i t t l e  in fo rm ation  reg ard in g  th e  energy expended 
by th e  p i l o t  f ly in g  a i r c r a f t  of th is  type, although  th e re  i s  
meagre evidence to  suggest th a t  m aintenance o f nornml ro u tin e  
f l i g h t  in  th i s  type of a i r c r a f t  re q u ire s  l i t t l e  energy in  excess 
of th a t  re q u ire d  a t  r e s t ,  From a review  o f th e  l i t e r a t u r e ,  
however, th e re  i s  evidence th a t  the  execu tion  o f in te n s e  
a e ro b a tic  manoeuvres o f th e  type req u ired  fo r  a t ta c k  or defence 
in  the  combat s i tu a t io n  re q u ire s  co n s id e rab le  energy expend itu re  
on the  p a r t  o f the  p i l o t .  Thus from a mean v a lu e  o f energy 
expend itu re  o f 50 kcal/m ^hr o b ta in ed  w ith  th e  p i l o t  a t  r e s t  
and during  ro u tin e  s t r a ig h t  and le v e l f l i g h t ,  th e  execu tio n  o f 
a combat type a e ro b a tic  manoeuvre causes an in c re a se  in  energy 
expend itu re  to  a mean v a lu e  o f 80 k ca l/m % r. This l a t t e r  v a lue  
of energy ex p en d itu re  i s  m ainly due to  the p h y s ic a l e f f o r t  r e ­
q u ired  to  o p e ra te  th e  c o n tro l column and rudder peda ls  during  the  
execu tion  o f the  manoeuvre. Although th e re  have been no 
measurements taken  of th e  energy expended by the  p i l o t  req u ired  
to  o p e ra te  an a i r c r a f t  o f th is  type a t  h igh  speed and low le v e l 
i t  i s  h ig h ly  l ik e ly  th a t  the  p h y s ic a l e f f o r t  re q u ire d  by the  
p i l o t  to  m ain ta in  the  a l t i t u d e  o f the  a i r c r a f t  i s  g re a te r  than 
th a t  re q u ire d  during  an a e ro b a tic  manoeuvre a t  h ig h e r a l t i t u d e s .
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Thus i t  i s  known th a t  f l i g h t  a t  low a l t i tu d e s  and a t  h igh  speed 
re q u ire s  co n s id e rab le  s k i l l  and a c t iv i ty  on the  p a r t  o f the  
p i l o t  in  o rd e r to  c le a r  o b je c ts  on the  ground, and f ly in g  con­
d it io n s  o f th i s  type a re  w e ll known as a cause of in te n se  fa tig u e  
in  th e  p i l o t .  As p rev io u s ly  s ta te d ,  h igh speed low le v e l  f l i g h t  
o f te n  re q u ire s  p e n e tra tio n  of tu rb u le n t a irsp a c e  w ith  th e  added 
problem of s t r u c tu r e  borne whole body v ib r a t io n .  In  the  
experim ents c a r r ie d  o u t in  th i s  In v e s tig a tio n , i t  was slm m  th a t  
whole body v ib ra t io n  a t  c e r ta in  freq u en cies  and in te n s i t i e s  may 
re q u ire  th e  expend itu re  of energy in  th e  o rd e r o f 80 k c a l/s A ir ,
In  h is  r e p o r t ,  Hughes (1968) showed th a t  energy ex p en d itu re  of 
th i s  magnitude re q u ire s  th a t  the a i r  e n te r in g  the  a i r c r a f t  cab in  
must be co n s id e rab ly  reduced in  tem perature in  o rd e r to  m ain ta in  
the occupant in  therm al com fort. In  co n d itio n s  o f h igh  speed 
low le v e l  f l i g h t  th e re  may be o th e r  f a c to rs  p re s e n t which p lace  
a heavy demand in  the  a i r c r a f t  co n d itio n in g  system  and th e re  i s  
a r i s k  th a t  the  occupants may be exposed to  therm al s t r e s s .  I t  
i s  knom% th a t  h e a t s t r e s s  in  a irc rew  a f f e c ts  the  a b i l i t y  to  
perform  psychomotor ta sk s  and th is  co n d itio n  could be an i n - f l i g h t  
hazard  p a r t i c u la r ly  in  co n d itio n s  of f l i g h t  demanding a high 
degree o f m ental s k i l l  and f ly in g  a b i l i ty *  In  a d d it io n , the 
in c rease d  m uscular a c t iv i ty  induced by whole-body low frequency 
v ib ra t io n  must add in  some measure to  the  f a tig u e  experienced 
by the  p i l o t  req u ired  to  f ly  a h igh  perform ance a i r c r a f t  in  th ese  
c o n d itio n s .
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F in a l ly ,  th e  in c reased  m etabo lic  a c t iv i ty  in  a irc rew  
exposed to  low frequency s tru c tu ra  borne v ib r a t io n  must be examined 
in  r e la t io n  to  h e l ic o p te r  fly ing*  I t  has been s ta te d  p rev io u s ly  
th a t  sev ere  v ib ra tio n s  m y  be genera ted  in  the  en g in es , gearboxes 
and r o to r  b lad es in  th i s  type of v e h ic le , and th e se  Biay be tr a n s ­
m itted  through th e  s t r u c tu re  o f the  a i r c r a f t  to  th e  sea ted  
occupant* Tlie im portance o f whole body v ib ra tio n s  which may 
a r i s e  during  f l i g h t  in  a h e l ic o p te r  l i e s  in  the  f a c t  th a t  even 
under normal co n d itio n s  th i s  type of f ly in g  demanda some of th e  
g r e a te s t  ex p en d itu re  o f energy on the  p a r t  o f th e  p i l o t ,  as w ell 
as co n s tan t v ig ila n c e  and m ental co n c e n tra tio n . Any fa c to r s  which 
might reduce the  a b i l i t y  o f the p i l o t  to  c a rry  out h is  i n - f l i g h t  
ta sk  w ith  e f f ic ie n c y  o r which impose a d d it io n a l workload during  
p erio d s of c r i t i c a l  f l i g h t ,  a re  o f p a r t ic u la r  concern in  a i r c r a f t  
o f th i s  ty p e . Thus i t  has been shown th a t  the  g r e a te s t  expend itu re  
of energy by p i lo t s  f ly in g  h e l ic o p te rs  occurs du ring  i n - f l i g h t  
phases c lo se  to  the  ground (e .g .  hovering , a s c e n t and d e sc e n t) .
Tills i s  in  c o n tra s t  to  the  r e l a t iv e ly  sm all amount o f energy 
req u ired  to f ly  h e l ic o p te rs  a t  h ig h er a l t i t u d e s .  I t  i s  l ik e ly  
th a t  manoeuvres c lo se  to  the ground demand from the  p i l o t  more 
p re c is e  and a c t iv e  o p e ra tio n  of the a i r c r a f t  c o n tro ls  than  i s  
req u ired  w ith  f l i g h t  a t  a  s ig n if ic a n t:  a l t i t u d e .  The mean energy 
expended by h e l ic o p te r  a irc rew  (mean value 70, range 55 -  97 
kcal/m ^hr) du ring  o p e ra tio n  of the a i r c r a f t  c lo se  to  the  ground
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i s  s li ï i i ia r  in  va lue  to  th a t  expended by a irc rew  f ly in g  conven tiona l 
f ix ed  xfing a i r c r a f t  in  an emergency s i tu a t io n  ( e .g .  w ith  a l l  
c o n tro l aervo-systerns in o p e ra t iv e ) .  Xt i s ,  however, w orthy of 
co n s id e ra tio n  th a t  w hile  the  high v alues o f energy expend itu re  by 
a irc rew  f ly in g  f ix e d  wing a i r c r a f t  occur during  an in fre q u en t 
emergency s i t u a t i o n ,  h igh  le v e ls  o f p h y s ica l a c t i v i t y  and energy 
expended by h e l ic o p te r  a irc rew  occur as a ro u tin e  p a r t  o f th e  
normal o p e ra tio n a l f l i g h t  p r o f i l e .  I t  should a lso  be remembered 
th a t  s t r u c tu re  borne v ib ra t io n  i s  co n s ta n tly  p re s e n t during  
h e l ic o p te r  f l i g h t  and u n lik e  the  s i tu a t io n  in  f ix ed  wing a i r c r a f t  
i s  n o t sim ply aa  occurrence a s so c ia te d  w ith  in fre q u e n t phases of 
f l i g h t .
In  co n c lu sio n , i t  i s  now c le a r  th a t  a v ia t io n ,  and p a r t i c u la r ly  
m il i ta ry  a v ia t io n ,  can occasion  some of the  w orst co n d itio n s  of 
v ib ra t io n  to  which man may be exposed. Hie in v e s t ig a t io n s  rep o rted  
in  th i s  th e s is  have drawn a t te n t io n  to  Uro im portan t human responses 
to  whole-body v ib ra t io n  which may th re a te n  th e  s a fe ty  and com fort 
of a irc rew  re q u ire d  to  o p e ra te  in  c e r ta in  co n d itio n s  o f f l i g h t .
Thus i t  has been shown th a t  a t  c e r ta in  am plitudes and fre q u en c ie s , 
whole-body v ib ra t io n  may induce an in c re a se  in  pulmonary v e n t i la t io n  
which i s  a tru e  h y p e rv e n ti la t io n , and in  some in s ta n c e s  th is  may 
be accompanied by q u ite  marked symptoms o f hypocapnia. I t  has 
been s ta te d  th a t  the  occurrence of such syiiiptoms may s e r io u s ly
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iîiapair th e  a b i l i t y  o f the  p i l o t  to  perform  h is  ta sk  e f f i c i e n t ly  
and may3 th e re fo re^  re p re s e n t a f l i g h t  hazard . The in v e s t ig a t io n  
has a ls o  shown th a t  whole-body v ib ra t io n  a t  c e r ta in  freq u en c ies  
and am plitudes may cause a marked increase in  m etabo lic  energy 
expend itu re  in  the  s u b je c t .  While th is  l a t t e r  r e s p ir a to ry  change 
may n o t re p re s e n t the  se rio u s  i n - f l i g h t  hazard  a s so c ia te d  w ith  
h y p e rv e n tila t io n  and hypocapnia i t  may9 n o n e th e le ss  3 in te r f e r e  w ith  
the  com fort and w ellbeing  of a irc rew  re q u ire d  to  o p e ra te  in  
co n d itio n s  o f i n - f l i g h t  v ib ra tio n . In  a d d itio n  the  in c reased  
m uscular a c t i v i t y  induced in  the  su b je c t by c e r ta in  co n d itio n s  o f 
v ib ra t io n  may c o n tr ib u te  to  th e  fa tig u e  experienced  by a irc rew  in  
th e i r  f l i g h t  m ission .
One o f the  prime o b je c tiv e s  in  the p r a c t ic e  o f av ia tion  
m edicine i s  to  d e fin e  the  n a tu re  of the  disturbance a f f e c t in g  
a irc re w 9 to  in v e s t ig a te  th e  f a c to rs  which in flu en ce th a t  d is tu rb a n ce  
and f in a l ly  to  design  p o ss ib le  methods of overcoming o r reducing 
the  disturbance. In  the  present s tu d ie s  the r e s p ir a to ry  e f f e c ts  
of whole-body v ib ra t io n  have been defined  and a number of f a c to rs  
a f f e c t in g  the  resp iratory  responses ( e .g .  h arn ess  r e s t r a in t s  
s i t t i n g  p o s tu re  and tho raco -abdominai support) have been in v e s t ig a te d . 
These in v e s tig a tio n s  have suggested  o th e r l in e s  of study  which 
i t  i s  hoped may ev e n tu a lly  lead  to  the f in a l s o lu t io n  -  th a t  o f 
elim inating th e  d is tu rb a n ce  to  a irc rew . The p a th  to  th is  f in a l  
s o lu t io n  i s  long and d i f f i c u l t  and nxuch work i s  c u r re n tly  being
284.
undertaken  in  th e  f i e ld  of v ib ra t io n  c o n tro l to  d ev ise  methods 
of reducing  o r e lim in a tin g  the  d is tu rb an ce  a t  source^ reducing  
the v ib ra t io n  in  i t s  ro u te  o f tran sm iss io n  to  men o r in  a tte n u a tin g  
the  e f f e c ts  of v ib ra t io n  in  the  man h im se lf . ^îany o f th ese  
approaches to  th e  problem  invo lve eng ineering  s k i l l s  and f in a l  
success w i l l  re q u ire  c lo se  co -o p e ra tio n  between p h y s ic ian , 
p h y s io lo g is t  and en g in ee r. I t  i s  hoped th a t  th e  work describ ed  
in  th is  th e s is  may have helped  towards ach iev ing  success in  th is  
f i e l d .  I t  i s  a lso  hoped th a t  the  in v e s t ig a t io n s  may have con­
t r ib u te d  in  soma measure to  the aims of a v ia t io n  m edical p ra c t ic e  -  
th e  prom otion o f s a fe ty ,  com fort and w ellbeing  in  a l l  types of 
f l i g h t .
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G eneral Conclusions
The r e s p ir a to ry  e f f e c ts  o f v e r t i c a l  s in u s o id a l v ib ra t io n  
ap p lied  to  th e  b u tto ck s o f a  sea ted  su b je c t have been in v e s tig a te d  
over the frequency range 2 -  10 Hz a t  a c c e le ra tio n  am plitudes of 
up to  + 1 .4  Gz, Hie fo llow ing  main f in d in g s  and conclusions have 
been reached .
I 0 Whole body v ib ra t io n  a t  c e r ta in  freq u en c ies  and a c c e le ra tio n s
caused a s ig n i f ic a n t  in c re a se  in  pulmonary v e n t i la t io n .
H iis was b rought about by in c re a se s  in  bo th  r e s p ir a to ry  
frequency and t i d a l  volume. VHien the  am plitude o f d is ­
placem ent of v ib ra t io n  was h e ld  c o n s ta n t, th e re  was a  g re a te r  
in c re a se  in  pulmonary v e n t i la t io n  a t  the  h ig h e r  freq u en cies  
than a t  the  lo im r ones in v e s t ig a te d , w h ils t  when the peak 
a c c e le ra t io n  of the ap p lied  v ib ra t io n  was h e ld  co n s tan t the 
re v e rse  h e ld  t r u e .  This phenomenon was, th e re fo re , n e i th e r  
s o le ly  a c c e le ra tio n  nor am plitude dependent.
2a At c e r ta in  freq u en c ies  and am plitudes whole body v ib ra tio n
induced marked h y p e rv e n tila t io n  in  the experim enta l sub ject*  
Evidence fo r  th is  re s p ira to ry  change was adduced from the 
f in d in g  of a r e la t iv e  in c re a se  in  pulmonary v e n t i la t io n  
which was g re a te r  than the corresponding in c re a se  in  m etabo lic  
oxygen consumption a t  tliese freq u en cies  of v ib r a t io n .  A lso, 
th e re  was a g re a te r  ixicrease in  carbon d io x id e  o u tp u t than 
in  oxygen uptake (as r e f le c te d  by v alues of r e s p ir a to ry
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exchange r a t io )  and th e re  was a red u c tio n  of pulmonary 
v e n t i la t io n  and r e s p ir a to ry  exchange r a t i o  in  the recovery  
p e rio d  below th e i r  re sp e c tiv e  c o n tro l v a lu e s . With co n s tan t 
am plitude v ib ra t io n , h y p e rv e n tila t io n  occurred  a t  th e  h ig h er 
freq u en cies  s tu d ie d  (6 , 8 and 10 Hz) w h ils t  w ith  co n s tan t 
a c c e le ra tio n  vibration i t  occurred  a t  the  lower freq u en cies 
s tu d ie d  (2 Hz and 4 Ha).
3* Under a l l  th e  co n d itio n s  o f v ib ra t io n  exposure in  which
h y p e rv e n tila t io n  was induced in  the s u b je c t  th e re  was a lso  
a  m oderate to  severe  hypocapnia. Marked syinptoms of hypo- 
capn ia  were ob ta in ed  in  some su b je c ts  du ring  exposure to  
c o n s ta n t am plitude vibration a t  h igh  frequency and in te n s i ty  
(8 Hz). With co n s tan t am plitude v ib ra t io n  sev ere  hypocapnia 
was induced a t  the  h ig h e r freq u en cies  s tu d ied  (6 , 8 and 10 
Hz) w h ils t  w ith  co n s tan t acceleration vibration a moderate 
to  severe  hypocapxiia was induced a t  the lower freq u en cies  
(2 Hz and 4 H z). With th is  l a t t e r  type of v ib ra t io n  the 
magnitude of the hypo capnia was n o t s u f f i c i e n t  to  give, rise 
to  symptoms in  the experimental s u b je c t .
4o With c o n s tan t amplitude v ib ra t io n  a t  h igh  frequencies, the
re s p ir a to ry  changes were accompanied by sev ere  p a in  in 
the thorax  and abdomen of the  subject. The degree of d is ­
com fort in c reased  w ith  increasing intensity of v ib r a t io n .
I t  was concluded th a t  d iscom fort was the  most l ik e ly  cause
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of th e  h y p e rv e n tila t io n  and hypoeapnia during  co n s tan t 
amplitude v ib ra t io n  exposure. With co n s ta n t a c c e le ra tio n  
v ib ra t io n  no such d iscom fort o r pain accompanied th e  observed 
re s p ir a to ry  changes and i t  was te n ta t iv e ly  suggested  th a t  
la b y r in th in e  s tim u la tio n  might have been the  ca u sa tiv e  
f a c to r  in  the p roduction  of h y p e rv e n tila t io n  and hypoeapnia.
5 , Sound r e s t r a i n t  o f the  s u b je c t  in the v ib ra t in g  s e a t  (by 
means of an a i r c r a f t  to rso  harness system) f a i le d  to  e lim in a te  
o r  reduce the  r e s p ir a to ry  changes observed during  exposure
to  whole-body v ib ra t io n  o f both  types (c o n s ta n t am plitude 
and c o n s ta n t a c c e le ra t io n ) ,
6, When e x te rn a l support was ap p lied  to  the tho rax  and abdomen 
of the v ib ra te d  s u b je c t  (by means of a r e s t r a in e r  s u i t )  the  
r e s p ir a to ry  changes induced by co n s tan t am plitude whole-body 
vibration ware e i th e r  e lim in a ted  o r g re a t ly  reduced. I t  was 
concluded that tlioraco-abdom inal support helped  to  p re se n t 
p a in fu l resonance movement of v is c e ra  and p e c to ra l  muscles 
during  v ib ra t io n  and th a t  th is  in  tu rn  p reven ted  o r reduced 
the o n se t o f h y p e rv e n tila t io n  and hypoeapnia,
7, With exposure to  co n s tan t a c c e le ra tio n  v ib r a t io n ,  the  p o s tu re  
adopted by the  s u b je c t  in  the v ib ra tin g  s e a t  ( e i th e r  semi- 
r e c l in in g  or u p r ig h t)  d id  n o t in f lu en c e  the  r e s p ir a to ry  
changes induced a t  c e r ta in  freq u en cies  and am plitudes.
The magnitude of th e  vertical and rotational components o f
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acceleration a t  the head were the same fo r  both postures
during  each condition of v ib ra t io n , and i t  was concluded th a t  
s tim u la tio n  of the  labyrinth during  v ib r a t io n  was s im ila r ly  
u n a ffec ted  by p o s tu re .
8* The magnitude of the  h y p e rv e n tila t io n  and hypoeapnia induced
by experimental whole body vibration a t  certain frequencies 
was s u f f i c ie n t  to give rise to  concern fo r  th e  s a fe ty  and 
w ellbeing  of airc rew  exposed to  s im ila r  co n d itio n s  of v ib ra t io n  
in  f l i g h t .  I t  was concluded th a t  i f  th e se  respiratory changes 
were to  a r i s e  in aircrew during  co n d itio n s  o f low level, 
high speed f l i g h t  the r e s u l t in g  d e te r io r a t io n  in m ental 
co n d itio n  could be hazardous.
9* Whole body v ib ra t io n  a t  a cons tant disp lacem ent am plitude
caused a  marked in c re a se  in m etabolic  oxygen consumption a t  
the  h ig h e r frequencies stu d ied  (6, 8 and 10 Hz),
10. The increase in oxygen consumption was not caused by the
in c reased  m uscular e f f o r t  req u ired  by the  s u b je c t  to maintain
his posture during v io le n t  shaking. Values of metabolic 
oxygen consumption obtained w ith  the vibrated subject were 
similar in  magnitude for the  co n d itio n s  in  which he was 
restrained and unrestrained by harness in  th e  v ib ra t in g  
seat.
11* From examination of h igh  speed c inepho to graphs taken  during
expoimre of the su b je c t to  constant am plitude v ib ra t io n  i t
289 c.
was observed th a t  a l te r n a te  ten sin g  and r e la x a t io n  o f v ario u s 
groups of muscles occurred  during  h igh  in te n s i ty  vibration.
It was concluded th a t  th is  muscular a c t iv i ty  was probably  
p ro te c t iv e  in  n a tu re  and was re sp o n s ib le  fo r  the  in c reased  
m etabo lic  a c t i v i t y  during  certain co n d itio n s  of vibration.
12. During exposure of the  su b je c t to  v ib ra t io n  a t  a co n s tan t 
a c c e le ra tio n  th e re  was a moderate in c re a se  in  m etabolic  oxygen 
consumption a t  the  lower freq u en cies  s tu d ie d  (2 Hz and 4 Hz) 
and a  la rg e r  increase a t  a frequency of 6 Hz. Mo in c rease ,
in  oxygen consumption was ob ta ined  w ith  v ib r a t io n  a t  freq u en cies  
o f 8 Hz and 10 Hz. I t  was concluded that the  m etabolic  
a c t iv i ty  a t  a  frequency o f 6 Hz was due to  muscular ten s in g  
( s im ila r  in  n a tu re  to  th a t  observed w itli c o n s ta n t am plitude 
v ib ra t io n  a t  th a t  frequency)* At frequencies of 2 Hz and 
4 Hz, no m uscular a c t iv i ty  was observed during  v ib ra t io n  and 
i t  was concluded th a t  the inc reased  oxygen consumption was 
due to  requirements fo r  the subject to  m ain ta in  his p o stu re  
during  v ib r a t io n .
13. Values o f energy expended by the su b je c t du ring  exposure to  
whole body v ib ra t io n  a t  c e r ta in  freq u en c ies  and am plitudes 
were s im ila r  in  magnitude to  those ob ta in ed  in  aircrew f ly in g  
h e l ic o p te rs  and high performance a i r c r a f t  in demanding ro le s  
( e .g .  emergency and combat situations, instrument f ly in g  and 
a e ro b a tic  m anoeuvres)• I t  was concluded th a t  whole body
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s t r u c tu r e  borne v ib ra t io n  o ccu rrin g  in  f l i g h t  would re p re s e n t 
a th r e a t  to  therm al com fort in  edrcrew and would in  c e r ta in  
types of flying situations c o n tr ib u te  to  i n - f l i g h t  f a t ig u e .
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THE RESPIRATORY EFFECTS OF VJHOLE BODY 
VIBRATION IN I-IM
A Separate Summary
In  the  f i e ld  of a v ia tio n  m edicine5 th e re  i s  co n sid erab le  
in t e r e s t  in  the  p h y s io lo g ica l e f fe c ts  o f low -frequency, s tru c tu re  
borne v ib ra tio n  in  man. This has been brought about by the 
requirem ent fo r  c e r ta in  m il i ta ry  a i r c r a f t  to  o p era te  a t  h igh speed 
and low le v e l in  con d itio n s o f m eteoro log ical tu rb u len ce . In­
f l ig h t  co n d itio n s of th is  type may induce s h o r t d u ra tio n  a c c e le ra tio n s  
in  th e  a i r c r a f t s  which resemble mechanical n o ise  w ith  superimposed 
q u as i-s tead y  s ta te  v ib ra tio n s  due to  a ir-fram e  s t r u c tu r a l  responses.
To those who p r a c t is e  a v ia tio n  m edicine, v ib ra tio n s  produced in  
a i r c r a f t  f ly in g  in  tdiese cond itions are  of p a r t ic u la r  in t e r e s t  
s in ce  they p re se n t a t  frequencies below about 15 Hg, a t  which, 
both human body resonances amd major a i r c r a f t  modes a re  ex c ited  
in to  la rg e  a ii^ litu d e  o s c i l l a t io n s .  Hie presence o f s tru c tu re -  
borne v ib ra tio n s  o f th is  type becomes of concern when they reach  
such in te n s i ty  as to  d is tu rb  normal f l i g h t  in  the a i r c r a f t ,  and 
in  p a r t ic u la r ,  where they re p re se n t a th re a t  to  com fort, h e a lth  
o r e f f ic ie n c y  in  a irc rew  f ly in g  the a i r c r a f t .
A review  of the l i t e r a tu r e  has shoi-m th a t  th e re  have been 
com paratively few s tu d ie s  on the p h y sio lo g ica l d is tu rb an ces
i i
^brought about by s tru c tu re  borne whole bo^y v ib ra t io n  in  the  low 
frequency range, although i t  i s  knovm th a t  they may a f f e c t  man in  
a v a r ie ty  of d i f f e r e n t  ways# A number of these  d is tu rb an ces 
may occur s in g ly  o r may be compounded w ith  o th e r s t r e s s e s  l ia b le  
to  be encountered during  c e r ta in  types of f l i g h t  ( fo r  exanple, 
long d u ra tio n  a c c e le ra tio n , n o ise , h e a t and h igh  work lo a d ).
There i s ,  however, a p au c ity  of in form ation  concerning the 
r e s p ira to ry  e f f e c ts  of whole body v ib ra tio n  in  man and the 
in v e s t ig a t io n s , which a re  described  in  th is  th e s is ,  were designed 
in  order to  advance knowledge in  th is  f ie ld  and to  provide 
in form ation  which can be used to improve the com fort s a fe ty  and 
w ell-be ing  of a irc rew  o p era tin g  in  cond itions of i n - f l i g h t  v ib ra tio n , 
In  p a r t ic u la r ,  Uto a reas of d is tu rb an ce  have been in v e s tig a te d  -  
th a t  r e la t in g  to  the e f f e c ts  of v ib ra tio n  on pulmonary v e n t i la t io n  
and gaseous exchange in  man, and th a t  r e la t in g  to  the m etabolic 
energy expended by roan during  low frequency whole-body v ib ra tio n #
The in v e s tig a tio n  was c a rr ie d  o u t using  a m echanical v ib ra tio n  
g enera to r which ap p lied  s in u so id a l v ib ra tio n s  in  the  low frequency 
range to  the  b u ttocks o f a su b je c t sea ted  in  a m odified a i r c r a f t  
e je c t io n  s e a t .  The r e s p ira to ry  e f f e c ts  of v e r t i c a l  s in u so id a l 
v ib ra tio n  were in v e s tig a te d  over the frequency range 2 10 Eg
a t  a c c e le ra tio n  am plitudes o f up to  + 1.45 Gg# Using various 
cond itions of experim ental v ib ra tio n , measurements ware made of 
pulmonary v e n t i la t io n ,  e n d - tid a l  carbon d iox ide ten s io n  and gaseous
i i i
exchange during a period of rest, during exposure of the subject 
to the chosen conditions of vibration and during a subsequent 
recovery period following the vibration* Measurements were also 
made of oxygen consumption and carbon dioxide output using an 
'open circuit* technique during each phase of the experiment*
These re s p ira to ry  v a r ia b le s  were s tu d ied  during  exposure of the 
su b je c t to  whole body v ib ra tio n  in  which the re la t io n s h ip  between 
the displacem ent am plitude and v ib ra tio n  frequency v a rie d  in  tzzo 
ways. In  one s e r ie s  of experim ents the t o t a l  am plitude of 
v ib ra tio n  was h e ld  co n stan t a t  0*625 cm over the frequency range 
2 - 1 0  Hs! which was essplored in  frequency s te p s  of 2 Hs (co n stan t 
am plitude v ib r a t io n ) .  In  the o th e r s e r ie s ,  the displacem ent 
am plitude was ad ju sted  to  m aintain  an a c c e le ra tio n  of v ib ra tio n  
a t  j; 0 .4  Gz over the  same frequency range (co n s tan t a c c e le ra tio n  
v ib r a t io n ) . In  th is  way, the re s p ira to ry  e f f e c ts  o f whole body 
v ib ra tio n  were s tu d ied  over a wide range of frequencies and 
a c c e le ra tio n  am plitudes*
In  o rder to  in v e s tig a te  the cau sa tiv e  mechanisms involved 
and the fa c to rs  a f fe c t in g  the re s p ira to ry  changes induced in  man 
by whole body v ib ra t io n , a d d itio n a l escperiments were c a rr ie d  out 
in  the  main programme. In  some of the experim ents, the re s p ira to ry  
e f fe c ts  of v ib ra tio n  were s tu d ied  w ith  the su b je c t f u l ly  re s tra in e d  
in  the v ib ra tin g  s e a t  by means of a ty p ic a l modern a i r c r a f t  to rso  
harness r e s t r a i n t  system  and the  r e s u l t s  were compared w ith those
I V
obtained with the subject unrestrained by harness in the seat.
In another study* the influence of thoraco™abdominal restraint on 
the respiratory effects of whole-body vibration was investigated 
using a standard item of aircrew personal equipment* and the 
results were compared with those obtained when the subject was 
vibrated without thoraco-abdominai support. In one part of the 
investigation a study was made of the effects of sitting posture 
(either upright or semi-reclining posture) on the respiratory changes 
induced by whole body vibration and in order to throw light on the 
possible causative mechanisms involved in these changes, the 
vertical and rotational components of head movement during vibration 
in each sitting posture were also measured. In order to investigate 
the observed increase in metabolic activity during exposure of tdie 
subject to whole-body vibration investigation was also made of the 
behaviour of various groups of muscles during the period of vibration 
using a technique of high speed cinephotography.
The main findings and conclusions obtained in this study may 
be summarised as follows;
1. Whole body vibration at certain frequencies and accelerations 
caused a significant increase in pulmonary ventilation.
'Tills was brought about by increases in both respiratory 
frequency and tidal volume. Wien the amplitude of dis­
placement of vibration was held constant* there was a greater 
increase in pulmonary ventilation at the higher frequencies
Vthan at the lower ones investigated* whilst when the peak 
acceleration of the applied vibration was held constant the 
reverse held true. Tliis phenomenon was* therefore* neither 
solely acceleration nor amplitude dependent.
2. At certain frequencies and amplitudes whole body vibration 
induced marked hyperventilation in the experimental subject. 
Evidence for this respiratory change was adduced from the 
finding of a relative increase in pulmonary ventilation 
which was greater than the corresponding increase in metabolic 
oxygen consumption at these frequencies of vibration. Also, 
there was a greater increase in carbon dioxide output than
in oxygen uptake (as reflected by values of respiratory 
exchange ratio) and there was a reduction of pulmonary 
ventilation and respiratory exchange ratio in the recovery 
period below their respective control values. With constant 
amplitude vibration, hyperventilation occurred at tlie higher 
frequencies studied (6, 8 and 10 Hz) whilst with constant 
acceleration vibration it occurred at the lower frequencies 
studied (2 Hz and 4 Hs).
3. Under all the conditions of vibration exposure in which 
hyperventilation was induced in the subject there was also 
a moderate to severe hypocapnia. DIarked syraptoms of hypo- 
capnia were obtained in some subjects during exposure to 
constant amplitude vibration at high frequency and intensity
V I
(8 Hs)* With constant amplitude vibration severe hypocapnia 
was induced at the higher ffrequencies studied (6* 8 and 10 
Hs) whilst with constant acceleration vibration a moderate 
to severe hypocapnia was induced at the lower frequencies 
(2 Hs and 4 Hs)• With this latter type of vibration the 
magnitude of the hypocapnia was not sufficient* however* to 
give rise to symptoms in the experimental subject*
4« With constant amplitude vibration at high frequencies* the
respiratory changes were accompanied by severe pain in the 
thorass and abdomen of the subject* The degree of discomfort 
increased with increasing intensity of vibration, and it 
was concluded that discomfort was the most likely cause 
of the hyperventilation and hypocapnia during constant amplitude 
vibration exposure. With constant acceleration vibration 
no such discomfort or pain accompanied the observed respiratory 
changes mid it was tentatively suggested that with vibration 
of this type* labyrinthine stimulation might have been the causative 
factor in the production of hyperventilation and hypocapnia.
5. Sound restraint of the subject in the vibrating seat (by
means of an aircraft torso harness system) failed to eliminate 
or reduce the respiratory changes observed during exposure 
to whole-body vibration of both types (constant amplitude 
and constant acceleration). On the other hand* when external 
support was applied to the thorax and abdomen of tSie vibrated
vxx
subject (by means of a restrainer suit) the respiratory 
changes induced by constant amplitude whole-body vibration 
were either eliminated or greatly reduced. It was concluded 
therefore that thoraco-abdominai support helped to prevent 
painful resonance movement of viscera and pectoral muscles 
during vibration and that this in turn prevented or reduced 
the onset of hyperventilation and hypocapnia.
6. With e:Eposure to constant acceleration vibration, the posture 
adopted by the subject in the vibrating seat (either serai- 
reclining or upright) did not influence the respiratory changes 
induced at certain frequencies and amplitudes. Tlie magnitude 
of the vertical and rotational components of acceleration at 
the head were the same for both postures during each condition 
of vibration, and it was concluded that stimulation of the 
labyrinth during vibration was similarly unaffected by posture.
7. The magnitude of the hyperventilation and hypocapnia induced 
by experimental whole body vibration at certain frequencies 
was sufficient to give rise to concern for the safety and 
wellbeing of aircrew escposed to similar conditions of vibration 
in flight. It was concluded that if these respiratory changes 
were to arise in aircrew during conditions of low level, high 
speed flight the resulting deterioration in mental condition 
could be hazardous.
v i i i
8. Whole body vibration at a constant displacement amplitude 
caused a marked increase in metabolic oxygen consumption at 
the higher frequencies studied (6* 8 and 10 Hz). This 
increase in oxygen consumption was not caused by the increased 
muscular effort required by the subject to maintain his posture 
during violent shaking, since the values of metabolic o3sygen 
consumption obtained with the vibrated subject were similar
in magnitude for the conditions in which he was restrained 
and unrestrained by harness in the vibrating seat.
9. From examination of high speed cinephotographs taken during 
exposure of the subject to constant amplitude vibration it 
was observed that alternate tensing and relaxation of various 
groups of muscles occurred during high intensity vibration.
It was concluded that this muscular activity was probably 
protective in nature and was responsible for the increased 
metabolic activity during certain conditions of vibration.
10. During exposure of the subject to vibration at a constant 
acceleration there was a moderate increase in metabolic 
oxygen consumption at the lower frequencies studied (2 Hs 
and 4 Ha) and a larger increase at a frequency of 6 Hs.
Ho increase in 03cygen consumption was obtained with vibration 
at frequencies of 8 Hs and 10 Hs. It was concluded that the 
raatabolic activity at a frequency of 6 Hs was due to muscular 
tensing (sivd.lar in nature to that observed with constant 
amplitude vibration at that frequency)« At frequencies of
I K
2 Hz and 4 Hz* no muscular activity was observed during vibration 
and it was concluded that the increased oxygen consumption 
observed at these frequencies was due to requirements for the 
subject to maintain his posture during vibration.
11. Values of energy expended by the subject during exposure to 
whole body vibration at certain frequencies and amplitudes 
were similar in magnitude to those obtained in aircrew flying 
helicopters and high performance aircraft in demanding roles 
(e.g. emergency and combat situations, instrument flying and 
aerobatic mmoeuvres) , It was concluded that whole body 
structure borne vibration occurring in flight would represent 
a threat to tliermal comfort in aircrew and would in certain 
types of flying situations contribute to in-flight fatigue. 
Finally* the results of the overall investigations have allowed 
definition of the major respiratory changes induced by low- 
frequency whole body vibration. They have enabled a number of 
causative mechanisms involved in the production of hyperventilation 
and hypocapnia during vibration* to be advanced and have highlighted 
the possible dangers of this condition to aircrew operating in 
high speed low level flight. They have also suggested future 
lines of investigation which may help to prevent this occurrence 
in aviation. The results have also shown that whole body vibration 
may induce high rates of metabolic ojsygen consumption in the 
exposed subject. Possible mechanisms for this increase in metabolic
^activity bava been put forward and the importance of the findings 
in relation to aviation have beam discussed*
